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Representative fluorescence micrographs of biotin-fluorosphere interaction on 
unreacted (A) and nitroavidin−functionalized PMMA enclosed µ-channels. 
The µ-channels in both micrographs have length of 4 cm, a channel depth of 
50 µm, and channel width of 50 µm, and were imaged under 20X 
magnification……………………………………………………...................... 
 
Reduction of Cu2+ to Cu+ in solution by biotin-HRP under alkaline condition. 
Adapted from Ref. [27]………………………………………………………. 
 
Detection of Cu+ in solution using bicinchoninic acid (BCA) forming water-
soluble purple BCA-Cu+ complex read at λ = 562 nm. Adapted from Ref. 
[27]……………………………………………………………………………. 
 
Transmission optical image of embossed-PMMA µ-posts used for biotin-HRP 
capture on nitroavidin-functionalized µ-posts. The µ-posts have dimensions of 
25 µm height, 50 µm diameter, and 40 µm spacing. The length of the channel 
is 1.3 cm, and the total number of µ-posts in the channel is 
~1960………………………………………………………………………….. 
 
The capture efficiency for biotin-HRP loaded onto nitroavidin−modified 
PMMA 50 µm posts surface at flow rate of 2.5 µL min−1 at 25 °C. The amount 
of biotin-HRP captured was estimated using equation 6.5. Error bars in the 
graph represent standard deviations from four replicate runs. The total amount 
of biotin-HRP captured (pmol cm2) is also plotted………………………….. 
 
Schematic illustration for multilayer adsorption of biotin-HRP on 
nitroavidin−functionalized PMMA surface due to intramolecular interaction 
among biotin-HRP molecules. It was assumed that nitroavidin only forms 
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This work describes the application of PMMA-based microanalytical devices for the 
affinity-type preconcentration of posttranslational modified proteins (PTMs). The choice of 
poly(methyl methacrylate), PMMA, is based on its biocompatibility, its functional methyl ester 
group for potential modification, and its extensive applications to create biological 
microelectromechanical systems (BioMEMS). Developing methodologies for preconcentration 
of PTMs is important for cancer diagnosis due to PTMs’ influence in the regulatory mechanism 
underlying the early stage of apoptosis or regulated cell death. Towards this goal, nitroavidin 
which can reversibly binds to biotin (and biotinylated proteins), was prepared using reported 
procedure and was characterized using several techniques such as UV-Visible spectroscopy, 
sodium dodecyl sulfate−polyacrylamide gel electrophoresis (SDS-PAGE), enzyme-linked 
immunosorbent assay (ELISA), and Western blot experiments. UV-Visible spectroscopy 
experiments showed reversible binding of nitroavidin towards the biotin analogue 2-(4’-
hydroxyazobenzene) benzoic acid, HABA. From mass spectrometry studies, nitrotyrosine was 
confirmed to be present in the prepared nitroavidin through an observed photoinduced chemical 
fragmentation. SPR experiments revealed decrease in binding of nitroavidin towards biotinylated 
proteins (the equilibrium dissociation constant obtained for the biotin−nitroavidin interactions is 
higher, KD = 4 x 10–6 M, than biotin-avidin interactions, KD = 1 x 10–13 M). Also, there was an 
observed efficiency of 23 ± 1% for the capture process of biotinylated proteins on 
nitroavidin−functionalized PMMA open microchannels, while high capture efficiency (96 ± 
0.5%) for bound biotinylated proteins were observed on PMMA microchannels with fabricated 
microposts. To further improve the efficiency of capture and release processes, PMMA ultra-
high-aspect-ratio nanostructures (UHRANs) were employed to provide higher surface-to-volume 




template-based anodization. PMMA nanopillars or nanoposts were developed using 
photopolymerization between the methyl methacrylate monomer and initiator, while PMMA 
nanotubes were fabricated using PMMA melt. These nanostructures were UV-modified to 
promote formation of surface carboxylic acids (pendant −COOH). The confirmation of surface –
COOH functionalization on these surfaces was achieved using different surface labeling 
techniques such as thallium (I) ethoxide and sulfosuccinimidyl-4-o-(4,4-dimethoxytrityl) 
butyrate (sulfo-SDTB) and were determined using several techniques such as confocal 







1.1 Goals and Aims of Research 
 The primary goal of this research is to develop poly(methyl methacrylate)-based 
microanalytical devices capable of an affinity-type (pre)concentration or ―pull-down assays‖ for 
the separation and quantitation of posttranslationally modified proteins (PTMs), specifically 
phosphorylated proteins. To facilitate efficient preconcentration methodologies, poly (methyl 
methacrylate), PMMA, micro and nanostructures developed in our group were incorporated 
inside the PMMA microchannels as substrates providing high surface-to-volume ratios. Both 
planar and nanostructured PMMA were modified using nitroavidin and biotinylated proteins 

















Figure 1.1 Overview of the surface capture and release processes for biotinylated proteins 
involving nitroavidin as the surface ligand immobilized on PMMA modified microchannels. 
Downstream processing is expected to be mass spectrometric analysis. 
 
 Analysis of phosphorylated proteins usually entails the substitution of the phosphate 








 The following scheme was used for this work, specifically for serine and tyrosine 












Figure 1.2 Scheme for the biotinylation of phosphorylated proteins under basic conditions. 
 
Phosphorylation in proteins primarily takes place in the amino acids serine (90%), 
threonine (9.9%), and tyrosine (0.1%), all of which contain a hydroxyl group capable of being 
modified with phosphates via the aid of enzymes such as kinases and phosphatases.
3
 Because 





have been developed to enrich these phosphopeptides 
before conducting mass spectrometry analyses to identify posttranslational sites. Some of these 
methods include: (a) ion metal-affinity chromatography (IMAC),
5,6-16
 (b) two-dimensional 
phosphopeptide mapping (2DPP),
5,17-18
  (c) high-performance liquid chromatography 
(HPLC),
5,19-20
 (d) capillary electrophoresis (CE),
5,21-24
 (e) phosphoprotein isotope-coded affinity 
tag (PhIAT),
25-28
 and (f) chemical modifications/biotinylated affinity tag strategies.
29-34
 However, 
few have focused on the use of polymer-based microanalytical devices with the capability of 
providing a solid-phase reversible route for the detection and analysis of these posttranlastional 
 3 
modified proteins. Thus, it is the objective of this research to provide a polymer-based 
methodology for enriching or preconcentrating these low abundant proteins.  
PMMA is well suited for use as a substrate for microfabricated devices because of its 
high dielectric constant, thermal conductivity that is comparable to silica, low cost, and ease of 
being fabricated into devices.
35
 In addition, PMMA was chosen because of its favorable 
physiochemical properties such as good optical clarity, minimal replication errors following hot 
embossing, high separation efficiency, good migration time reproducibility, and suitable 
wettability.
36
 The choice of PMMA in BioMEMS fabrication routes also lies in its functional 
methyl ester group for potential modification.
37
 Another reason is that PMMA is reported to be 
the least hydrophobic of the more common plastic materials,
38
 which is good for immobilization 
of proteins. 
Aside from parallel sample processing and reduced analysis time, PMMA-based micro-
fluidic devices offer a wide variety of functionality, which minimizes sample handling and 





from our group showed the ability of PMMA surfaces to be successful for immobilization of 
biological materials. 
Toward this goal, model biotinylated proteins were allowed to bind reversibly on PMMA 
surfaces functionalized with a capture molecule called nitroavidin. The nitroavidin was prepared 
from avidin and was characterized using mass spectrometry and other methods. Reversible 
surface binding of a biotinylated protein on nitroavidin-modified surfaces was studied using 
surface plasmon resonance spectroscopy (SPR). This is the first report on the reversible binding 
between nitroavidin and biotin using SPR. Another goal of this work is to determine the 
applications of PMMA nanostructures that were developed in our group as high surface-to-
volume reaction beds for capture and release processes.
42
 Specifically, the potential of these 
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nanostructures as a foundation for tethering biological molecules is investigated, and the results 
are compared to planar PMMA surfaces. Finally, the ultimate goal of this research is the capture 
and release of posttranslationally- modified proteins within PMMA microfluidic channels, with 
the most appropriate channel configurations, i.e.,, either open-channel or nanostructure-
functionalized, and to determine the amount of bound and released biotinylated proteins using 
established protein assays.  
1.2  Phosphorylated Proteins 
 Posttranslational modifications (PTMs) are covalent processing events that change the 
properties of a protein by proteolytic cleavage or by addition of a modifying group to one or 
more amino acids.
43
 There are different types of posttranslational modifications. Some of the 
more common and important forms of PTMs are listed in Table 1. 
 Phosphorylated proteins are the most dominant forms of posttranslationally modified 
proteins. Phosphorylation of proteins usually takes in the serine, threonine, and tyrosine amino 
acid residues of the proteins with the aid of enzymes such as kinases and phosphatases.
45 
Different proteins in various animals such as osteopontin,
46









 have been found to have levels of phosphoproteins.  
 In plant species such as Arabidopsis, small flowering plants related to cabbage and 
mustard, protein phosphorylation utilizes more than 5% of the genes: 4.5% encode protein 
kinases whereas another 0.5% encode protein phosphatases.
55
 The green alga Chlamydomonas 
also exhibits some degree of phosphorylation.
56
 In mammals, the Nck (NcK adaptor protein) 
family of Rous sarcoma oncogene cellular homolog (Src) homology SH2/SH3 domain adaptors 
has expressed phosphorylation in the tyrosine residue.
58
 These two-gene families in mammals 




 In humans, over 30% of the total human proteins, including 
many kinases, are reported to be phosphorylated.
60
 
Table 1.1 Some common and important post-translational modifications. Adapted from Ref [43].  
Post-translational modification (PTM) type Function and Notes 
Phosphorylation 
                 pTyr (phosphorylated Tyrosine) 
                 pSer (phosphorylated Serine) 
                 pThr (phosphorylated Threonine) 
Reversible, activation/inactivation of enzyme 
activity, modulation of molecular interactions, 
signaling 
Acetylation Protein stability, protection of N terminus. 
Regulation of protein–DNA interactions 
(histones) 
Methylation Regulation of gene expression 
Acylation, fatty acid modification 
                Farnesyl 
                Myristoyl 
                Palmitoyl, etc. 
Cellular localization and targeting signals, 
membrane tethering, mediator of protein-
protein interactions 
Glycosylation 
                N-linked 
                O-linked 
Excreted proteins, cell−cell 
recognition/signaling O-glcNAc, reversible, 
regulatory functions 
GPI anchor Glycosylphosphatidylinositol (GPI) anchor. 
Membrane tethering of enzymes and receptors, 
mainly to outer leaflet of plasma membrane 
Hydroxyproline Protein stability and protein−ligand 
interactions 
Sulfation Modulator of protein−protein and 
receptor−ligand interactions 
Disulfide bond formation Intra- and intermolecular crosslink, protein 
stability 
Deamidation Possible regulator of protein−ligand and 
protein−protein interactions, also a common 
chemical artifact 
Pyroglutamic acid Protein stability, blocked N terminus 
Ubiquitination  Destruction signal. After tryptic digestion, 
ubiquitination site is modified with the Gly–
Gly dipeptide 
Nitration of tyrosine Oxidative damage during inflammation 
 
 There are different forms of phosphorylation such as N-phosphorylation on 
histidine/lysine residues, S-phosphorylation on cysteine, and acyl-phosphorylation on glutamic 
acid/aspartic residues that have been documented in different organisms; however O-
 6 
phosphorylation of the amino acids serine, threonine, and tyrosine is the most common 
reaction.
61
 It has been documented that 40% of all proteins in a eukaryotic cell are 
phosphorylated at any one time, and there are more than 100,000 predicted phosphorylation sites 
in mammalian proteomes.
62
 There are several data bases such as the Phospho.ELM database 
(www.phosphor.elm.org), the human protein reference database (www.hprd.org), Phosphosite 
(www.phosphosite.org) that currently list different figures or numbers of phosphorylated proteins 
in humans and mouse species.
61
 It is evident from all these databases that phosphorylation is 




When a regulatory protein or enzyme is phosphorylated by the appropriate protein kinase, 
it is either activated, inhibited, or becomes ―marked‖ for targeting by other regulatory factors.  
The phosphorylation and dephosphorylation of a protein by protein kinases and protein 
phosphatases can affect the function of a protein in many ways by: (a) increasing or decreasing 
its biological activity, (b) stabilizing it or marking it for breakdown, (c) facilitating or inhibiting 
movement between subcellular compartments, or (d) initiating or disrupting protein-protein 
interactions.
63
 A recent study showed that protein phosphorylation has an influence in the 
regulatory mechanism underlying the early stage of apoptosis or regulated cell death.
64 
1.3  Research Synopsis 
1.3.1 Preparation and Characterization of Nitroavidin 
 In order to achieve the stated goals and aims, selection of the process on how to 
reversibly bind phosphorylated proteins on PMMA surfaces was determined initially. Different 
works
66-85
 have focused on making the interaction between avidin (also streptavidin, neutravidin) 
and biotin substantially more reversible. The process involves modifying the biotin-binding site 
either by site-directed mutagenesis
70
 or chemical modification.
66-69,71-85
 Site-directed mutagenesis 
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routes have involved the alteration of the amino acid sequence, such as changing lysine to 
glutamic acid, arginine to aspartic acid, and lysine to glutamic acid.
70
 The route taken thus far for 







 to introduce nitro groups in the aromatic 
rings of amino acids. The introduction of a nitro group to the phenyl ring in tyrosine causes a 
lowering of the pKa of the phenolic hydroxyl from approximately 10.3 to 7.3.
82
 This 
modification results in binding of biotinylated ligands at low and neutral pH values, but ligand 
binding does not occur to a significant amount under basic conditions (pH 10).
66
 Site-directed 
mutagenesis methods tend to be tedious;
70 
on the other hand, chemical modification of amino 
acid residues in proteins is comparatively easy to achieve, especially for site-specific 
modification of tyrosine using chemical agents.
82 
In this work, we applied chemical modification 
of tyrosine residues by nitration (using tetranitromethane) of the avidin protein from chicken egg 
white and then use this nitrated ligand on surfaces to capture and release biotinylated myelin 
basic protein (MBP) by manipulation of solution pH. To determine if the nitration of avidin was 
successful, standard biochemical techniques such as sodium dodecyl sulfate polyacrylamide gel 
electrophoresis (SDS-PAGE), Western blot, and enzyme-linked immunosorbent assay (ELISA) 
were applied. Mass spectrometry confirmed the presence of the nitro group. Spectroscopic 
techniques such as UV-Visible and SPR showed reversibility in the binding interaction between 
biotinylated ligands and prepared nitroavidin. All the lyophilized nitroavidin prepared here was 
kept at −20 °C, while the nitroavidin solutions were refrigerated at 4 °C. 
1.3.2  Nitroavidin as a Surface Ligand on PMMA Microanalytical Devices  
 To demonstrate the specificity of nitroavidin as a ligand on PMMA surfaces for the 
reversible binding of biotinylated molecules, initially, nitroavidin was immobilized on planar 






  Prior to immobilization, UV-irradiation (λ = 254 nm) of PMMA surfaces for ~30 min 
was performed to photoactivate the  methacrylate (−COOCH3) to functional surface carboxylic 
acid groups (−COOH).
40,41 








Figure 1.3 UV photochemical reactions of PMMA at λ = 254 nm. 
 
 The surface −COOH on the PMMA serve as the active sites for nitroavidin attachment. 
This was followed by 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC)/N-
hydroxysuccinimide (NHS) activation, and nitroavidin immobilization which was done at 4 °C. 
Attachment of nitroavidin on UV-modified PMMA surfaces was confirmed using different 
spectroscopic techniques such as reflection absorption infrared spectroscopy (RAIRS), and 
ellipsometry was performed. Furthermore, fluorescence microscopy and scanning force 
microscopy (SFM) was used to characterize binding interaction of different biotin-tagged 
molecules, such as biotin-fluorescein and biotinylated proteins with the nitroavidin-
functionalized PMMA. X-ray photoelectron spectroscopy (XPS) also confirmed the 
immobilization of nitroavidin on UV-irradiated planar PMMA surfaces through the presence of 
elemental nitrogen. In addition, specificity of nitroavidin toward biotinylated molecules inside 
PMMA microchannels was also demonstrated using fluorescently-labeled biotinylated 
nanospheres and biotin-tagged microspheres. Fluorescence microscopy and scanning electron 
microscopy (SEM) revealed success in specificity.  To evaluate the efficiency of nitroavidin as a 
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surface ligand inside open PMMA microchannels, nitroavidin was immobilized onto the surface 
of PMMA microchannels of different aspect ratios using peptide coupling chemistries previously 
reported.
40,41
 After nitroavidin immobilization, various dilute solutions of biotinylated proteins 
were pressure-driven pumped into the nitroavidin-functionalized PMMA microchannels at 
constant flow rate and eluates were collected and quantified using established protein assays.
86,87
 
Fluorescence spectroscopic analyses revealed different amounts of biotinylated proteins captured 
and released inside nitroavidin-functionalized PMMA microchannels. 
1.3.3 PMMA Nanostructures as Solid-Phase Bioreactors 
 In recent years, biological sensing research
88-90
 has proven that nanomaterial-based 
detection systems have low limit of detection (LOD), selective, and practical. Nanomaterials are 
attractive probe candidates in biodiagnostic assays because of their (a) small size (1–100 nm), (b) 
large surface-to-volume ratio, (c) chemically tailorable physical properties, and (e) overall 
structural robustness.
91
 Nanotubes, nanocavities, nanowires, nanoposts or nanopillars, 
nanocones, nanospheres, molecularly imprinted polymers, nanoparachutes (conical 
monodendrons), and general nanoparticles with random structures are some of the nanostructures 
that have been fabricated for use in separation chemistry.
92
 Among these structures, molecularly 
imprinted polymers, nanospheres, and nanoposts or nanopillars have been used primarily in 
separation techniques because of the spacing uniformity of these structures and their robustness 
for repeated use.
92
 In order to achieve better preconcentration efficiency, PMMA nanostructures, 
including nanopillars and nanoposts, were fabricated in our group.
93
 To show if these structures 
provide high surface-to-volume ratios needed for tethering nitroavidin on surfaces, the surface 
carboxylic acid (−COOH) densities of these nanostructures as a function of UV irradiation time 
were determined using XPS. Also, these surface −COOH were analyzed using wet chemical tests 
such as sulfo-SDTB labeling and Thallium(I) ethoxide labeling,
41
 and UV-visible spectroscopy 
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was used to quantify the surface −COOH. Part of my work was included in a recent report
94
 on 
improved oligonucleotide hybridization events and proteolytic reactions using these 
nanotextured modified surfaces. 
1.4 Preconcentration Techniques in Analytical Chemistry 
Even though several sensitive, selective, and high-throughput analytical instruments have 
been invented and partially commercialized in recent years, preconcentration of trace amounts of 
compounds of interest, whether biological or inorganic, still plays a great role in solving 
detection limit demands placed on detectors. Preconcentration enables detection of trace or low-
abundant species; this is of particular importance in many fields, including chemical diagnostics, 
proteomics, forensics, environmental monitoring and biodefense applications.
95
 Preconcentration 




There are different types of preconcentration techniques based on surface mechanisms. 
These are: (a) surface-binding,
95-146
 (b) electrokinetic equilibrium,
95,147-182
 and (c) porous 
membrane.
95,182,183-193
  I will now discuss each of these methods. 
1.4.1  Surface Binding Methods 
Surface binding techniques include solid-phase extraction (SPE)
95–107
 and affinity 
chromatography or electrophoresis.
95,108-127,149,157
 In SPE, the analyte of interest is retained on the 
solid phase, while interfering compounds within the complex matrices are simultaneously 
removed.
101
 SPE can be performed either online or offline
128










 and molecularly imprinted polymers (MIP).
139
 On the other hand, 
affinity-type preconcentration provides versatility for detection and quantification of many 
important interactions that include protein-protein, protein-DNA, enzyme-substrate, antigen-
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antibody, lectin-sugar, drug-receptor, and others.
113
 Affinity-type preconcentration involves the 
following: (a) adsorption – substances under investigation come into contact with the molecular 
recognition elements that are immobilized on a suitable surface; (b) cleaning process – removal 
of the unwanted materials followed up by a conditioning step that introduces an appropriate 
separation buffer; and (c) desorption – removal of the bound target analyte from the affinity 
ligand by a single step or gradient change in the solvent medium, with both usually being 
accomplished by changing the pH, ionic strength, or presence of special modifiers to the 
buffer.
114
 Affinity-type preconcentration can also be done even with very dilute samples. One of 
the disadvantages of surface binding techniques for preconcentration is the requirement of a 
change in the buffer system and hence, proceeds in a heterogeneous equilibrium.
113 
Another preconcentration methodology in this category which has been successfully 





 is solid-phase reversible immobilization.
142-146
 
This technique allows the purification of DNA fragments using surfaces that bear carboxylic 
acids, and the products that are obtained are free of template DNA, salts, and excess dye-
terminator products, as well as other biological methods.
145,146
 
1.4.2  Electrokinetic Equilibrium-based Methods  
 Electrokinetic equilibrium works by concentrating samples or bringing species transport 
to a local equilibrium state electrokinetically.
95,147-182










 and micellar electrokinetic 
sweeping.
152,175-185
 Isoelectric focusing either separates biomolecules, specifically proteins, on 
the basis of their net charge (at a given value, the isoelectric point),
152
 or fractionates amphoteric 




isotachophoresis (ITP) or capillary isotachophoresis (CITP), also known as displacement 
electrophoresis or multizonal electrophoresis, the sample is inserted between a leading 
electrolyte and a trailing (or terminating) electrolyte in a capillary without electroosmotic 
flow.
166
 This is an enrichment method in those cases where the analyte ion concentration in the 
sample is lower than the concentration of ion in the steady state.
168
  
FASS involves the use of a long plug of low-concentration buffer containing a sample for 
separation which is introduced into a column filled with a buffer of the same composition but of 
a higher concentration; the sample ions then migrate very rapidly under the enhanced applied 
electric field in the sample plug until they reach the concentration boundary.
171
 Once they cross 
the boundary, the ions slow down and stack into a narrow band.
171
 FASS is the simplest stacking 
technique for ionic analytes. Electrokinetic trapping uses spatial control over the electrokinetic 
velocity of the analyte.
174
 This belongs to the group electrokinetic chromatography (EKC), a 
family of analytical separations named after electrokinetic phenomena that include 
electroosmosis, electrophoresis, and electrochromatography.
175
 This technique offers diverse 
advantages over other techniques, including high efficiency, technical simplicity, applicability to 





 showed advances in various techniques for enhancing sensitivity of 
electrophoresis and electrochromatography in capillaries and microchips. In Table 1 listed a 
summary of these advances. 
Table 1.2 Summary of various electrokinetic-based preconcentration techniques used in 
capillary or microchip electroseparations. Adapted from Ref. [152]. 
Acronym Name Description Sensitivity 
FASS Field-amplified sample stacking Hydrodynamic injection 
<5% capillary 
Conductivity of the sample is 
at least ten times less than 
the electrolyte 
10 – 20 
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(Table 1.2 cont’d.) 
FASI Field-amplified sample injection Electrokinetic injection (may 
also have a small <5% low-
conductivity plug) 
Conductivity of the sample is 
at least ten times less than 
the electrolyte 





Large-volume sample stacking 
 
 
Large-volume stacking with 
matrix removal by an EOF pump 
Hydrodynamic injection up 
to 100% of the capillary 
volume 
Conductivity of the sample is 
at least ten times less than 
the electrolyte 
Matrix removal by polarity 












Field-amplified sample injection 
with matrix removal by an EOF 
pump 
Field-enhanced sample injection 
Hydrodynamic injection of 
low-conductivity plug, 
electrokinetic injection 
Conductivity of the sample is 





1000 – 10,000 
 





Sample matrix removed by 
EOF pump 
Electrokinetic injection of 
sample 





10 – 100 
 
tITP Transient ITP Hydrodynamic injection 
<50% capillary volume or 
electrokinetic injection 
 







removed by EOF 
100 – 2,000 
MRB Moving reaction boundary High- and low-conductivity 
samples 
Sample pH has a different 
pH to that of the electrolyte 
10 – 500 
 
Sweep Sweeping Hydrodynamic injection  
<50% capillary volume or 
electrokinetic injection 
High- and low-conductivity 
samples  
Sample has no pseudophase 




Field-amplified sample injection 
with matrix removal with an 
EOF pump-sweeping 
Hydrodynamic injection of 
low-conductivity plug, 
electrokinetic injection 




ten times less than the 
electrolyte 









Dynamic pH junction 
Leading and terminating 
electrolytes  
High- and low-conductivity 
samples 
Hydrodynamic injection with 
counterbalancing 
electrophoretic velocity 
High- and low-conductivity 
samples 
Hydrodynamic injection 










10 – 500 
 
 
Micellar electrokinetic sweeping was first introduced by Quirino and Terabe.
175-181
 This 
special concentration effect, called sweeping, is a physical phenomenon that works well for all 
analytes with great affinities toward a pseudostationary phase that is far different from those 
described in other capillary electrophoresis modes for ionizable and neutral analytes.
175
 
Sweeping is defined as the picking and accumulating of analytes by the pseudostationary phase 
that fills the sample zone during application of  a voltage.
128
  
One of the disadvantages of using electrokinetic equilibrium is that the methods require 
insertion and maintenance of multiple buffer zones and can be difficult to implement for samples 
of unknown conductivity.
95 
1.4.3  Porous Membrane-type  
This type of preconcentration involves a size-exclusion or filtration-based approach, and 
this is considered the easiest to implement, as this approach avoids complications of specifically 
arranging zones of buffer and reagents or the need for selective binding and release of analytes, 





 demonstrated the use of a fully integrated microfluidic platform, denoted as 
microfluidic tectonics (μFTs), capable of combining liquid-phase photopolymerization, 
lithography, and laminar flow that allows the creation of complex and autonomous microfluidic 
(Table 1.2 cont’d.) 
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systems. Their group extended and successfully demonstrated the application of μFTs to sorting 
botulinum toxoids.
192
 These high-throughput screening diagnostic kits proved the capability of 
these systems to carry out assays in a cost-effective and time-efficient manner. 
Guzman et al.
102,113
 showcased the use of membranes for preconcentration in capillary 
electrophoresis (CE). Their technique is based on the use of polymeric membranes sandwiched 
between two capillaries; hence the term, ―on-line membrane preconcentration-CE,‖ was 
applied.
113 
Using this approach, a preconcentration capillary is separated from a separation 
capillary during sample loading; thus, more flexibility in buffer selection and buffer and sample 
introduction becomes readily possible, although a limitation of this approach is the need to 





showed efficient and effective use of polyacrylamide gels on 
microchips for protein sizing and preconcentration. They showed successful combination of 
porous membrane and isoelectric focusing for rapid protein separations in ultra-short 
microchannels.
165 
Soper’s group at LSU reported the successful use of sodium dodecyl sulfate 
poly(acryl amide) microcapillary gel electrophoresis (SDS-μCGE) for the highly efficient, two-
dimensional electrophoretic separations of proteins in a PMMA-based microchip.
182 
 
Although integrated porous membranes provide efficient enrichment of target analytes, 
these techniques suffer from the following drawbacks: (a) placement of nanoporous membranes 
inside specific channels, (b) irreproducible manner of chip fabrication, (c) silicate membranes 
often have defects that adversely affect the concentration of target species, and (d) anomalous 
transport from ion effects are observed, particularly with longer preconcentration times.
95 
1.5  Polymer-based Preconcentration Techniques 
 Well developed chemical and technological methods to use polymers as enrichment tools 
in analytical chemistry have been discussed recently.
 183-185,194-236




 and few have been used in solutions.
199–206
 In addition, 
polymeric solutions were also utilized for polymer-based enrichment procedures which target 
inorganic species
199–203,206
 from the environment, and biological materials.
204–205
 
1.5.1  Polymeric Solution 
 There are very few published reports detailing the use of polymeric solutions for 
separation and preconcentration. The first published work using polymeric solutions for 
preconcentration purposes was that of Geckeler et al.
199
 In their work, they used water-soluble 
polymeric reagents (liquid-phase, polymer-based retention)
199,201
 in a filtration cell for the 
separation and preconcentration of various elements. The preseparated elements remain in the 
aqueous solution which is convenient for most instrumental methods completing the analysis. 
Water-soluble poly(ethyleneimine) and its thiourea and methylated derivatives are useful for 




 A recent work with polymeric solutions for preconcentration purposes was demonstrated 
by Aebersold et al.
204,205
 They work demonstrated a novel enrichment strategy in which synthetic 
soluble polymers, specifically a generation-5 polyamidoamine dendrimer, can selectively isolate 
phosphorylated proteins. The generation-5 polyamidoamine dendrimer is a typical example of a 
perfectly branched polymer that has functional groups only at its surface, which permit faster 
reactions than the chemically functionalized pore glass beads due, to the dendrimer, higher 
capacity for a homogeneous reaction.
204
 The generation-5 polyamidoamine dendrimer forms a 
phosphopeptide-polymer conjugate larger than peptides, and these conjugates can be easily 
separated using filtration, after which the isolated phosphopeptide can be released from the 
polymer using acid hydrolysis and further filtration.
205 
However, the real importance of this work 
may not necessarily be in the future application of this exact methodology to the phosphorylation 
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profiling of other biological systems, as results of similar scope have been reported using 
classical phosphorylation-specific enrichment techniques.
205
 
1.5.2  Molecularly Imprinted Polymers (MIPs) 
 The principle of molecular imprinting is based on the crosslinking of a polymer in the 
presence of interacting monomers around a molecule that acts as a template.
207
 The template 
molecule is first allowed to form solution interactions/bonds with one or several types of 
functional elements in prearrangement steps, and subsequent locking-in of these 
interactions/bonds leads to the formation of a matrix which accommodates recognition sites 
selective for the template.
225
 This principle is inspired by Fisher’s lock-and-key metaphor.
225
  
 The use of polymer-based molecularly imprinted materials was first started by the groups 
of Wulff, Shea, and Mosbach.
225
 The work of Wulff with molecular imprinting includes 
polymers made by radical polymerization, polycondensation, and polyaddition such as 
polyurethanes using both covalent and noncovalent interaction.
226
 Shea’s work with molecular 
imprinting lead him to one of his famous works, bis-ketals.
227,228
 On the other hand, Mosbach 
and coworkers independently started their work with molecular imprinting using his excellent 
knowledge in biochemistry dealing with enzyme and protein recognition sites. Mosbach’s 
greatest contribution to this field was establishing a drug assay using antibody mimics prepared 
by molecular imprinting.
229 
 Depending on the type of interactions involved, there are basically two kinds of 
molecular imprinted polymers, those made by: (a) non-covalent or self-assembly methods, an 
approach that where complex formation is the result of non-covalent or metal-ion coordination 
interactions; and (b) covalent or pre-organized methods, an approach which employs reversible 
covalent bonds usually involving a prior chemical synthesis step to link the monomers to the 
template.
208
 Non-covalent imprinting provides greater flexibility in terms of the range of 
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chemical functionalities that can be targeted and thus the range of templates that can be used.
208
 In terms of preconcentration methodologies, molecular imprinting finds its way in 
beneficial applications and effectiveness for affinity separation, particularly in terms of solid-
phase extraction (SPE) of environmental and pharmaceutical residues.
96,98,207,208,221,222
 Thus, the 
term MIP-SPE was coined. MIP-SPE is similar to traditional SPE such that the analyte of interest 
is first bound to the imprints of the polymer, followed by washing off the matrix components, 
and finally the analyte is eluted.
98
 The first reported use of MIP-SPE was by Sellergren in 1994, 
where he synthesized a MIP with recognition sites for the drug pentamidin (an antiprotozoal drug 
used for the treatment of AIDS-related pneumonia), and was evaluated for online SPE.
96 
 Following this work, several applications of MIP-SPE have been used in different studies 



















 and triazine herbicides
218
 
from various sources. Although great success resulted from using MIP-SPE, this technique 
suffers from a number of problems, such as template leaching and non-specific adsorption. These 
problems are not only evident in SPE, but also in other analytical separation methods. Thus, this 
field is still growing and needs further development. 
1.5.3  Polymeric Monoliths 
 Monoliths are diverse chromatographic supports that were first introduced by Hjertén et 
al. in 1987.
159
 These polymeric monoliths are synthesized by in situ polymerization (either by 
heat or by UV light) of solutions composed of monomers, crosslinker, porogen, and initiator.
159
 
However, polymeric monoliths were popularized by the groups of Svec and Fréchet in early 
1990s.
99,101,183,184,185,230-234
 These monolithic materials were developed as alternative 
chromatographic supports (versus classical beads)
 
and have been applied in diverse areas, such 
as (a) high-throughput enzyme reactors, (b) solid-phase detection, (c) solid-phase extraction, (d) 
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polymer supports and reagents, (d) molecular recognition, (e) gas chromatography, (f) high-
performance liquid chromatography, (g) reversed-phase chromatography of small molecules, (h) 
separation of oligomers, (i) precipitation-redissolution separation of synthetic polymers, (j) 
chromatography of midsize peptides, (k) gradient elution of proteins, and (l) separation of 
nucleic acids, all of which have been demonstrated by Svec and Fréchet.
231
  
The advantages of monoliths over traditional chromatographic supports for the separation 
of biopolymers include their improved mass transfer properties, ability to be manufactured with a 
wide range of pore sizes, and relative ease of synthetic scaling up and scaling down, as well as 
the low back pressure experienced with them even at very high flow rates.
236
 The major 
advantage of monoliths over traditional beads is that these monoliths can be prepared with great 
stability inside microfluidic channels using less laborious protocols such as UV 
photopolymerization.
235
 Polymeric monoliths can also be grafted to their surfaces, such as 
poly(2-acrylamido-2-methyl-1-propane-sulfonic acid).
185
 Maillard et al.
 
showed a specific 
method for the preparation of a novel organized microcellular monolith based on a high internal 
phase emulsion (HIPE) using a copper-mediated radical polymerization known as atom-transfer 
radical polymerization.
235
 The monolithic polyHIPEs formed showed very low bulk density with 
an isotropic, open-cell structure.
235
 This fully interconnected network, induced by the physical 
property of the emulsion, allows easy flow of fluids through the monolith. 
With the application of monoliths inside microfluidic channels, the use of frits that 
otherwise can be damaged by frequent clogging is no longer needed. Because of these unique 
features, several high-throughput applications of monoliths for proteomics such as (a) reversed-
phase monoliths, (b) ion-exchange monoliths, (c) hydrophobic-interaction monoliths, (d) 
immobilized metal ion affinity chromatography, (e) affinity chromatography, (f) monolithic 
bioreactors with immobilized enzymes, (g) removal of highly abundant proteins, and (h) 
 20 
separation of protein aggregates, cells, and viruses, have been discussed in a recent review.
236
 
Excellent works from the group of Svec and Fréchet showed various applications of monoliths 
inside microfluidic devices for enriching peptides and proteins.
99,101,183,184,185,230-234
 Other groups 
such Lee’s
159
 showed the applications of glycidyl methacrylate (GMA) monoliths for the 
preconcentration of protein G from human serum; while Tanaka et al.
235
 reported the use of 
polymer-based monolithic column for the separation and preconcentration of nucleic acids. 
1.6 Biological/Biomedical Micro-Electro-Mechanical Systems (BioMEMS) 
Miniaturization has been the highlight of science and technology in the new millennium. 
The foundation of microtechnology is built on the advances in manufacturing processes, namely 
silicon micromachining techniques.
237
 Important benefits of microtechnology applied to device 
fabrication include: (a) reduced weight, power consumption, and volume, (b) increased 
ruggedness, (c) increased speed or response, and (d) reduced fabrication costs.
237
 Not only has 
the silicon-based fabrication industry demonstrated the importance of miniaturization works, but 
also analytical scientists have shown the significance of miniaturization for biological and 
chemical analyses. Pioneering works
238-241
 from the group of Manz and Harrison started the now 
booming and advancing field of microfluidics.  
Microfluidics or more properly microliquidics, refers to a set of technologies aimed at 
controlling the flow of minute amounts of liquids or gases in a miniaturized system.
242
 The 
microfluidic system field, also referred to as lab-on-a-chip devices (LOC) or micro-total analysis 
systems (μTAS), has seen great progress in the last decade and offers promising potentials in the 
medical arena.
243
 The goal of microfluidics is the manipulation and analysis of fluids within 
micrometer-sized channels, which, due to the small size, must be fabricated using techniques 
adapted from the semiconductor and plastic industries, such as micromachining, 
photolithography, replica molding, embossing, and injection molding.
243
 A major goal of 
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microfluidics research is the implementation and integration of various fluid manipulation 
components (e.g., pumps, valves, fliters, and mixers) and analytical separation and detection 
techniques (e.g., electrophoresis, chromatography, fluorescence, and electrochemistry) on 
individual microfabricated devices for complete on-chip analysis.
243
 Microfluidic devices are an 
important technology because they use small sample sizes and provide short analysis times and 
high throughput leading to effective and efficient anaylses.
244,245
 Using microfluidic devices, the 
surface-to-volume ratio is much higher compared to traditional bench-top chemistry and allows 




 also showed the tremendous 
capability of microfluidic techniques for multiplexing. 
Microfluidic systems provide a powerful platform for biological analyses, which include 
DNA sequencing, polymerase chain reaction (PCR), electrophoresis, DNA separation, enzymatic 
assays, immunoassays, cell counting, cell sorting, and cell culture.
242,243,253,254
 As a result, 
bioMEMS, or biological/biomedical microelectromechanical systems, have emerged as a subset 
of MEMS (or microsystem/microstructure technology, MST, in Europe) with major applications 
in biomedical research and medical microdevices.
255
 BioMEMS have also been used for clinical 
diagnostics/monitoring.
256-263
 Such works include from the groups of Boehm et al.
257
 who 
fabricated microdialysis probes that incorporate a miniaturized sensor using standard silicon 
wafer processing, and that of Petrou et al.
258
 who fabricated a microdevice capable of continuous 
sampling and analysis of glucose.  
The bioMEMS industry is increasing rapidly with an annual growth rate of 11.4%, 
leading to revenues of $850 million in 2003 to over $1 billion in 2006.
255
 BioMEMS devices 
have at least one feature dimension in the submicron to micron range (~ 100 nm − 200 μm); and 
have the following advantages (a) lower manufacturing costs, (b) reproducibility, (c) small 
sample size, and reagent use, (d) improved signal-to-noise ratio, (e) improved response time, (f) 
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precise control of mixing, reacting, and discarding of wastes products, (g) in-line or embedded 
detection methods, and (h) high-throughput analysis.
255 
 Traditional bioMEMS are made from silicon using the micromachining and 
microfabrication techniques originally designed for microelectronics. Sandia National 
Laboratories have established Sandia Ultra-Planar Multilevel MEMS Technology (SUMMIT) 
and Strategic Web Infrastructure Framework & Technologies (SWIFT) standard procedures for 
silicon-based bioMEMS fabrication.
264-271
 An example of a work from this center was that from 
Okadan and coworkers.
271
 Their group reported a silicon-based bioMEMS device fabricated 
using SUMMIT, which incorporates microfluidic channels and reservoirs for transporting cells 
and biofluids into a sampling region, optical windows for microscopic viewing of the cell, on-
chip electronics for amplification of electronic signals, and mechanical actuators for applying 
force to cells.
271
 MicroCHIPS, Inc. (Bedford, MA), have commercialized an implantable silicon-
based bioMEMS that release specific doses of medication to the body, and its target group is 
people with multiple sclerosis, congestive heart failure, ophthalmology, and osteoporosis.
272
  
 Previous applications of silicon-based bioMEMS include: (a) transplants of therapeutic 
cells,
273
 (b) magic bullets that deliver controlled cancer-fighting drugs on target,
274,275
 and (c) 




 using these technologies 
include: (a)  in situ fabricated microstructures inside silicon-based microfluidic channels for 
protein amplification detection,
277
 (b) ultrasensitive bioMEMS based on patterned 
environmentally responsive hydrogels on silicon microcantilevers,
278
 (c) silicon interconnects 
inside microfluidics with high tenability,
279
 (d) improved nanostructured antifouling 
poly(ethylene glycol) films for silicon-based bioMEMS,
280
 (e) surface modification of silicon 
surfaces for improved biocompatibility and cell patterning selectivity,
281
 (f) nanoscale adhesion, 
friction, and wear studies of biomolecules on silicon-based surfaces,
282
  and (g) separation of 
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DNA with different configurations on flat and nanopatterned silicon surfaces.
283
 A very 
interesting work of Han et al.
174
 proved the use of silicon-based bioMEMS for the highly 
efficient microfluidic preconcentration of proteins and peptides. Their work proved 






 In recent years, polymers have become an attractive substrate for bioMEMS fabrication. 
Among the outstanding characteristics of polymers are: (a) improved and easier machinability, 
(b) optical transparency for certain detection strategies, (c) biocompatibility, (d) acceptable 
thermal and electrical properties, (e) ability to enclose high-aspect-ratio microstructures, and (f) 
ability for surface modification and functionalization.
255
 Because of these attractive features, 
there was an exponential growth in the number of research publications using polymer-based 
bioMEMS in the last 10 years.  
Several polymers
284-302
 that have been used for bioMEMS fabrication and coating 
applications are: (a) poly(dimethyl siloxane), PDMS;
293,296,300,304,305,306,308-315
 (b) poly(methyl 
methacrylate), PMMA;
296,298,299,300,301,306,316-322





 (e) electroactive polymers such as poly(vinylidene 
fluoridetrifluoroethylene), P(VDF-TrFE);
287,289,290,292







 (i) SU8 
polymers;
291,295,297,298
 (j) polystyrene, PS;
297,299
 (k) polystyrene-nanoclay composite, PS/Clay;
299
 
and (l) poly(N-isopropyl polyacrylamide), PNIPAAM.
115,194,307,310,324 
Recently, Smela and colleagues have introduced the development of low-cost polymer 
MEMS based on photopatternable adhesives that are commercially available as Loctite 3108, 
3340, and 3525.
303
 Their work showed that Loctite can be used for packaging bioMEMS-on-
complementary-metal−oxide-semiconductor (CMOS) chips. Bhushan et al. used 




and the same group investigated the use of polystyrene (PS) and glycidyl-ether-bisphenol-A 
novolak (SU-8) on silicon surfaces for biological micro/nanoelectromechanical systems 
applications.
297
 Cheung and Renaud reported bioMEMS which are based on thin-film polymer 
foils with embedded microelectrodes for future use in stem cell research, cancer cell 
characterization, drug discovery, treatments for neurological disorders, and neuroprosthetic 
devices.
325
 Another work from Kaloyeros and co-workers successfully demonstrated the use of 
gold electrodes coated with polypyrrole on silicon substrate for the detection of feline 
immunodeficiency virus.
326 
At the Center for Advanced Microstructures and Devices (CAMD), Louisiana State 
University, Singh and colleagues developed ―sweatstick‖, a polymer-based bioMEMS device 
that does not only uses PMMA, and SU-8 polymers, but also polypropylene (PP). This device is 
used for the analysis of calcium ions (Ca
2+
) secreted in sweat as an index of bone mass loss in 
the body.
327 
Other applications of polymer-based bioMEMs have been published in several 
reviews focusing on the use of these technologies to drug delivery systems, biopharmaceuticals, 




 BioMEMS have also been used for preconcentration techniques.
103,104,140,141,161,198,309
 
Whitesides and Sia published a review
309 
of the applications of poly(dimethyl siloxane), PDMS, 
for biological studies. Crooks et al. reported the use of PDMS for the electrokinetic trapping and 
concentration enrichment of DNA,
161
 while Mitra et al. used PDMS for micro solid-phase 
extraction (μSPE) for the extraction, preconcentration, and purification of DNA from 
recombinant Escherichia coli crude lysate.
103





preconcentration factor using a PDMS layer on a microscope slide.
198
 Recently, Klapperich and 
Bhattacharyya
104 
used cyclic olefin copolymer (COC) for the solid-phase extraction of nucleic 
acids. Here at LSU, polycarbonate (PC) has been used for the solid-phase reversible 
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immobilization of dye-labeled DNA sequencing fragments
140
 and for the purification and 
preconcentration of genomic DNA from whole cell lysates.
141 
1.7 Preconcentration Techniques for Phosphorylated Proteins 
Because of the link of protein phosphorylation to certain diseases and cell death
64
 and 





have been developed to enrich these phosphopeptides before 
conducting mass spectrometry analyses to identify post translational sites. Some of those are: (a) 
antibodies,
63,330-337
 (b) ion metal affinity chromatography (IMAC),
5,6-16,54,55,340-345
 (c) two-
dimensional phosphopeptide mapping (2DPP),
5,17-18,61,346-348
 (d) high-performance liquid 
chromatography (HPLC),
5,19-20
 (e) capillary electrophoresis (CE),
5,21-24,60,349-353
 (f) 
phosphoprotein isotope-coded affinity tag (PhIAT),
25-28
 and (g) chemical 
modifications/biotinylated affinity tag strategies.
1,2,22,29-34,204,205,354-366
 
Phospho-specific antibodies are used for the analysis of signaling pathways in which 
protein phosphorylation plays an essential role.
63
 However, more commercially available 
antibodies are directed toward phosphorylated amino acids such as phosphotyrosine (pTyr), and 
examples include 4G10, PT66, and PY99.
330-332
 A recent work by Anderson et al.
333
 showed the 
application of antibodies specific for the selective enrichment of phosphorylated serine (pSer) 
and phosphorylated threonine (pThr). Another work
334,335
 reported the selective enrichment of 
phosphorylated proteins having pTyr, pSer, and pThr using specific anti-pTyr/pSer/pThr 
immobilized on agarose columns. Usually, the approach is to use these antibodies for two-
dimensional gel electrophoresis (2-DE) in conjunction with Western blot analysis and 
subsequent mass spectrometric analysis of the spots of interest on parallel protein stained 
gels.
336,337 




 immobilized onto a 




 In general, immobilized metal ions are not appropriate for capturing 
phosphorylated proteins because of the non-specific adsorption of proteins.
5
 In addition, acidic 
amino acids, like histidine, are also adsorbed.
5 
Ojida and co-workers have shown the use of 
metal-ligand complexes, such as bis(zinc(II)-dipicolyamine), to have strong binding to a 
negatively charged phosphopeptides. Ojida et al. also demonstrated that this complex is specific 
toward phosphorylated peptides and not to nonphosphorylated peptides.
15
 Other groups like that 
of Nonglaton use zirconium phosphonate-modified surfaces to capture the phosphorylated 
peptides.
16
 Although, the methodology is not readily adapted to ion covalent anchoring of 
phosphorylated double-stranded DNA prepared by PCR, a process that is harder with the more 
common organic covalent anchoring mechanisms because it requires non-natural modification of 
the probes.
16 
Recently, Ojida and Hamachi published artificial chemosensors
338,339
 based on their 
previous findings using bis(zinc(II)-dipicolyamine). They reported the molecular recognition and 
fluorescence sensing of phosphorylated proteins/peptides. According to the same group, the 
recognition of the phosphorylated protein/peptide suface involves the following: (a) cooperative 
binding strategy, and (b) cross-linking strategy.
339
 Another group of researchers headed by 
Kinoshita et al. reported a methodology based on IMAC using a phosphate binding tag molecule, 
which is the dinuclear metal complex 1,3-bis[bis(pyridine-2-ylmethyl)amino]propan-2-
olatodizinc (II) complex).
340
 In their work, they described a simple and efficient protocol to 
enrich phosphoproteins comprehensively from a complex mixture containing solubilized cellular 
proteins, and the strong enrichment of the phosphoproteins into the elution fraction was 
evaluated using SDS-PAGE followed by Western blotting analysis.
340
 
 One major disadvantage of using IMAC resins in the preconcentration of phosphorylated 
proteins is the binding of acidic amino acids, such as aspartic and glutamic acids, and rich 
electron donors, such as histidine, toward the metal ions.
341








 stationary phases have also been 
investigated for the enrichment of phosphorylated peptides. This methodology is known as 
MOAC or metal oxide/hydroxide affinity chromatography, and the technique has been used in 
the preconcentration of phosphorylated proteins in plant species like Arabidopsis thaliana
54,56
 
and green alga Chlamydomonas.
56
 An interesting work by Chen et al. demonstrated a new 
method for sensing phosphopeptides by localized surface plasmon resonance (LSPR) using 
titania-coated gold nanoparticles immobilized on the surface of a glass slide as the sensing 
substrate and UV-visible spectrophotometry as the detection tool. The group’s technique proved 
the high selectivity of titania for phosphopeptides.
 343
 
 In two-dimensional phosphopeptide mapping, peptides are separated in a first dimension 
by electrophoresis on a thin-layer cellulose plate and in the second dimension by thin-layer 
chromatography.
17 32
P-radiolabeled phosphopeptides are then detected by autoradiography or 
storage phosphor imaging. A significant advantage of this method is that it produces purified 
phosphopeptides that can be analyzed, after extraction from the plate, directly by MS methods.
18
 
In addition, this method has a very low limit of detection (LOD) and has an even lower LOD 
than MS methods because detection is by integration of radioactive decay over a potentially very 
long period of time.
5
 However, this technique requires purchase of specialized equipment for 
conducting the first dimension electrophoretic separation and the use of a radioisotope which is 
relatively toxic. In some other works that use 
32
P labeling of living organisms for phosphoprotein 
detection, a major drawback is the artificial phosphorylation phenomena generated within cells.
61
  
Recently, it has been reported that it is possible to use of small-molecule organic 
fluorophores (Pro-Q Diamond dye) for sensitive and direct detection of phosphoproteins in 
electrophoretic gels.
 346-348
 This dye molecule not only shows specificity for all types of O-
phosphorylation or for Tyr-phosphorylation (depending on the respective staining protocols), but 
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also showed a good compatibility to subsequent staining by conventional dyes and MS 
analysis.
61 
  Reverse-phase HPLC is another analysis method for phosphopeptides that is 
reproducible, simple, and does not require specialized equipment.
7
 This is a popular method for 
phosphopeptide analysis because of the ease with which reverse-phase HPLC systems are 
connected online to electrospray ionization (ESI) mass spectrometers.
5
 On the other hand, this 
method has several disadvantages: (a) very hydrophilic phosphopeptides may not interact with 
the column and thus will elute in the column flow-through, (b) very hydrophobic peptides may 
not elute until the end of a gradient and will be obscured by the polymeric contaminants that 
often elute at high polarity solvent conditions or they may not elute at all, (c) the resolution of 
this method is inferior to the resolution achieved by the two-dimensional peptide mapping 
technique described above, and (d) phosphopeptides will bind to metal surfaces, and significant 
losses can occur if standard metal injectors are used.
5,20 
Capillary electrophoresis-based 
techniques have also been developed to analyze phosphopeptides via ESI.
21-23
 IMAC integrated 
with CE-ESI MS
24
 allows for subpicomole analysis of phosphopeptides. Several advantages of 
this method include: (a) selective retention and preconcentration of phosphopeptides, (b) a 
prewash of the sample to remove salts and buffers that are not suited for CE separation or ESI 
separation, (c) ease of construction, and (d) adaptation to commercial CE instruments without 
any modifications.
5 
However, if complex samples containing peptides of different abundance are 
analyzed, the LOD of this analytical method is rarely achieved.
21 
 The use of CE for the separation of phosphorylated proteins from those that are non-




from the group 
of Zhang and Yeung reported the use of ―selective injection‖ of phosphopeptides. This technique 
is based on the fact that many phosphorylated peptides have isoelectric points (pI) below 4, while 
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non-phosphorylated peptides have pI value above 5, and in changing the pH to acidic conditions, 
the phosphorylated proteins accumulate negative charge and thus can be selectively introduced 
into a capillary by a positive potential difference.
60 
 The phosphoprotein isotope-coded affinity tag approach (PhIAT) was developed by 
Goshe and his coworkers.
26
 The method is based on the principle of isotope-coded affinity tag 
which involves the following steps: (a) derivatization of cysteinyl residues in a reduced protein 
sample with an ICAT reagent that has a linker arm connecting a thiol-reactive group to a biotin 
moiety, (b) enzymatic cleavage to generate peptide fragments, (c) isolation by avidin affinity 
chromatography, and (d) separation and analysis by mass spectrometry.
27
 The PhIAT labeling 
approach involves hydroxide ion-mediated β-elimination of the O-phosphate moiety and the 
subsequent Michael addition of 1,2-ethanedithiol containing either four alkyl hydrogens (EDT-
D0) or four alkyl deuteriums (EDT-D4) to the β-elimination product followed by biotinylation of 
the D0/D4 moiety using (+)-biotinyl-iodoacetamidyl-3,6-dioxaoctanediamine.
28
 This labeling 
technique provides a reliable method for making quantitative measurements by mass 
spectrometry of differences in the O-phosphorylation state of proteins. While this approach 
shows great promise for determining relative protein abundances, delineation of protein function 
solely from abundance changes will be limited because numerous vital activities of proteins are 
modulated by posttranslational modifications that may not be reflected by changes in protein 
abundance.
28 
Another way to enrich phosphoproteins is to perform chemical modifications on the 
phosphate group by replacing it with an affinity moiety, such as biotin, and then using affinity 
capture, e.g. biotin-avidin interactions to isolate derivatized peptide.
1,2,22,29-34,204,205,354-366
 This is 
accomplished by β-elimination of phosphoserine and phosphothreonine residues under strong 
alkaline conditions to yield dehydroalanine and dehydro-2-amino butyric 
acid.
1,2,22,29,30,34,356,359,361 
Oda et al. and Goshe et al. both used ethanedithiol as a nucleophile, for 
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thiol-link attachment of biotinylated affinity tag through the maleimide group. An advantage of 
this method is that reagents with a sulfuhydryl group add readily to the resulting α,β-unsaturated 
amides, and the free sulfuhydryl group in the derivatized peptide is available for reaction with a 
biotinylated affinity tag. However, there are a couple of disadvantages using this methodology, 
these are: (a) the scheme is not suitable for phosphorylation at the tyrosine residue of the protein, 
(b) the yield from the β-elimination reaction tend to be substochiometric, (c) O-linked sugar 
moieties may also undergo β-elimination, generating intermediates affording false 
phosphorylation assignment, and (d) poor solubility of the thiol compound in water.
61
 Because of 
these different problems using the tagging process, improvements have been done for better 
procedure. Chait and McLachlin reported improved β-elimination-based affinity purification 
strategy for enrichment of phosphopeptides, using an introduced thiol tag as the ligand for 
affinity purification via disulfide exchange with an activated thiol. Their work showed improved 
sensitivity up to subpicomole dendrimer using acid hydrolysis which are easily analyzed by 
several mass spectrometric techniques.
204,205
 The methodology allowed quantitative 
measurement of different forms of phosphorylation; however, no direct application of this 
technique to biological samples has ever been conducted, yet. Liskamp et al. developed a novel 
chemical probe for the selective enrichment of phosphorylated serine and thereonine-containing 
peptides.
366 
In their work, an acid-labile linker was introduced for the full recovery of the tagged-
peptides, and as low as 1 nmol phosphorylated peptides can be enriched from a mixture of 
peptides.
366 
1.8  Methodology for the Preconcentration of Phosphorylated Proteins on Modified 
 PMMA Microanalytical Devices 
 
1.8.1  Biotinylation of Phosphorylated Proteins 
 
 In this work, it is proposed that phosphorylated proteins will be biotinylated using 
maleimide pathway under basic conditions previously reported.
2,125
 In this procedure, 
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phosphorylated proteins (or peptides) will biotinylated using a conjugated biotin-
ethylenethiolamine under basic conditions. The biotinylated protein will be precipitated using 
diethyl ether and will be further purified. The final product or purified biotylated proteins will be 













Figure 1.4 Scheme for the biotinylation of phosphorylated proteins using ethylenethiolamine in 
basic conditions. Adapted from [2 & 125]. 
 
1.8.2. Preparation of Nitroavidin Surface Ligand 
To fabricate PMMA microdevices with nitroavidin surface ligands, nitroavidin will be 
prepared using a procedure published in literature.367-368 Briefly, affinity-purified avidin from 
chicken egg white (Sigma) will be dissolved in Tris·HCl buffer (pH 8.0) at 1 mg mL!1, to which 
20 µL of 4.0 x 10!2 M tetranitromethane in ethanol will be added. The above nitration process is 
schematically depicted in Figure 1.6, wherein addition of nitro group ortho to the tyrosine 
aminoc acid is expected. Excess tetranitromethane will be removed by performing dialysis first 
in 1 M NaCl for 12 h and then in Nanopure water (18 M" cm) for 24 h using a dialysis kit 
(Pierce) with a 3.5 kDa MWCO. The dialysis retentate will then be transferred to a clean 




at -20 ºC until further use. The purified nitroavidin will be characterized using several analytical 
and biochemical techniques to determine the extent of nitration qualitatively and quantitatively. 
Figure 1.5 Scheme for the nitration of avidin in Tris-HCl, pH 8.0, using 0.04 M 
tetranitromethane in CH3CH2OH at 25 °C. 
 
1.8.3 Surface Capture and Release of Biotinylated Proteins on Nitroavidin 
 !Functionalized Microfluidic Devices 
 
 To demonstrate ability to capture and release the prepared biotinylated proteins from 
using carboxyl!modified PMMA µ-channel, 100 µL aliquots nitroavidin (solutions of 50 µg 
mL!1) will be immobilized on a carboxyl!modified PMMA µ-channel using EDC/NHS previous 
reported in our group.40,41,94  The nitroavidin solutions will be delivered through BSA-coated 
capillary tubing glued on both end of the channel bed using pressure-drive flow at a constant 
volumetric flow rate of 0.417 µL min!1. Excess nitroavidin solutions will be washed with chilled 
pH 7.4 phosphate buffer solutions. After this step, the nitroavidin!functionalized PMMA µ-
channel will be reacted with 100 µL aliquots of dilute solutions of biotinylated!horse radish 
peroxidase (biotin-HRP) solutions using pressure-driven flow at a constant rate of 2.5 µL min!1. 
The bound biotin-HRP from this step will be eluted using pH 10 carbonate buffers and will be 
collected into clean 200 µL PCR microtubes mounted at the capillary outlet. All eluates will be 
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Materials and Methods 
2.1       Experimental 
2.1.1 Chemicals 
2.1.1.1 Organic  
 All organic reagents were chromatographic grade or better and were used without further 
purification. The lists of organic chemicals used here include: 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide (Sigma, 99%), N-hydroxysuccinimide (Aldrich, 99%), 
sodium hydroxide, sodium, bicarbonate, sodium phosphate, sodium chloride (biological grade), 
sodium dihydrogen phosphate dihydrate, sodium acetate, sodium hydroxide, hydrochloric acid, 
ethylenediamine, isopropyl alcohol, ethanol (95%), absolute ethanol, perchloric acid, sulfo-
succinimidyl-4-O-(4,4’-dimethoxytrityl)-butyrate (s-SDTB), boric acid, biotin 4-fluorescein, 
biotin, tetranitromethane, 2-(4-hydroxyazobenzene), 2-mercaptoethanol, hydroxylamine 
hydrochloride, tris(hydroxymethyl) aminomethane hydrochloride, sodium dodecyl sulfate, 
trifluoroacetic acid, acetonitrile, polyacrylamide, α-cyano-4-hydroxycinnamic acid, 
ethanolamine, thallium(I) ethoxide (Strem Chemical, Inc.), nitroblue tetrazolium, 5-bromo-4-
chloro-3-indolyl phosphate,  10 – 20% Tris-Tricine precast gels (Biorad), poly(methyl 
methacrylate), tetramethylbenzidine, phosphoric acid, methyl methacrylate monomer (Fisher 
Scientific), benzoin methyl ether (Fisher Scientific), Topas 6013D61 (TOPAS Advanced 
Polymers GmbH). All water used had a resistivity of 18 MΩ cm and was obtained by filtering 
water with a Barnstead reverse osmosis system followed by charcoal filtration and ion exchange. 
2.1.1.2 Aqueous  
 SimplyBlue (Invitrogen), HBS-EP running buffer (Biacore), Tris/Tricine/Sodium dodecyl 




works and surface plasmon resonance spectroscopy studies. All other buffers used were prepared 
in house unless otherwise stated. 
2.1.2 Biological 
The group of biological materials used in this works are the following: affinity-purified 
avidin from chicken egg white (Sigma), biotinylated-myelin basic protein (Upstate Cell 
Signaling Solutions), standard molecular weight markers (BioRad), mouse anti-nitrotyrosine 
(Upstate Cell Signaling Solutions), goat anti-mouse IgG conjugated to alkaline phosphatase 
(Biorad), streptavidin-peroxidase (Kamiya Biomedical Comp.), biotinylated horse radish 
peroxidase (Pierce Biotechnology), biotinylated dextran (Invitrogen), external standards for mass 
spectrometry which includes Angiotensin 1, Angiotensin 2, Bombesin, ACTH (1-17) and ACTH 
(18-38) (all from Sigma). All samples were kept at either 4 
o
C or -20 
o
C prior to use and after 
use. 
2.1.3 Preparation and Characterization of Nitroavidin 
2.1.3.1 Synthesis and Purification of Nitroavidin
1,2
     
Avidin was dissolved in Tris·HCl buffer (pH 8.0) at 1 mg mL
−1
, to which 20 µL of 4.0 x 
10
−2
 M tetranitromethane in ethanol was added. The resulting solution was allowed to react at  
25 ºC for 1 h. Excess tetranitromethane was removed by performing dialysis first in 1 M NaCl 
for 12 h and then in Nanopure water (18 MΩ cm) for 24 h using a dialysis kit (Pierce) with a 
molecular weight cut off (MWCO) of 3.5 kDa. The dialysis retentate was then transferred to a 
clean container and lyophilized to give a slightly yellow solid. The percentage of mass recovered 
for the reaction was 85%. 
2.1.3.2 Separation and Detection of Nitrotyrosine-containing Peptide Using SDS-PAGE and  
            Western Blotting 
 




0.2 M Tris HCl buffer, pH 9.0, at 45 ºC for 6 days.
3 
The peptide fragments in the viscous digest 
were separated using the protocol described for the Mini-PROTEAN
 
3 Cell (BioRad). Gel 
electrophoresis was performed for 1 h at 100 V. The separated peptide fragments were stained 
using SimplyBlue (Invitrogen). Standard molecular weight markers (BioRad) were used. The 
transfer process of the protein fragments from the gel to PVDF membrane was adopted from that 
for the Mini-Trans-Blot Cell Assembly (BIO-RAD, CA). Detection of the nitrotyrosine residue 
was accomplished by incubating the membrane with mouse anti-nitrotyrosine (Upstate Cell 
Signaling Solutions, NY). This was followed by addition of goat anti-mouse IgG conjugated to 
alkaline phosphatase, (AP), (BIO-RAD, CA) with color development being achieved as per 
outlined in the Immun-Blot Assay Kit (BIO-RAD, CA). Positive outcome leads to formation of a 
purple color brought by the catalysis of AP to a mixture of nitroblue tetrazolium (NBT) and 5-
bromo-4-chloro-3-indolyl phosphate (BCIP) in buffer. 
2.1.3.3 Quantification of Nitrotyrosine Present in Nitroavidin Using Enzyme-Linked 
Immunosorbent Assay (ELISA) 
 
 To determine the amount of nitrotyrosine present in nitroavidin, an ELISA analysis was 
performed (Kamiya Biomedical Comp., WA). The nitroavidin was dissolved in protein-
stabilized, phosphate-buffered saline and was incubated in microtiter wells coated with anti-
nitrotyrosine antibodies to capture the nitrotyrosine. Unbound materials were removed by 
washing. After this step, biotinylated second antibody (tracer) to nitrotyrosine was added to the 
wells and excess tracer was removed by washing. This antibody will bind to any nitrotyrosine 
present on the wall. A streptavidin-peroxidase conjugate was then applied to the wells. This 
conjugate reacts specifically with the biotinylated tracer antibody bound onto the captured 
nitrotyrosine. Excess conjugate was removed by washing, and then tetramethylbenzidine (TMB) 




The enzyme reaction was stopped by adding citric acid, and then the absorbance was read at   
450 nm.  
2.1.3.4 Preparation of the Preconcentrated Peptides for MALDI-ToF-MS Analysis  
 For the preconcentration or extraction of separated nitrotyrosine-containing peptide from 
the SDS-PAGE slab, the procedure outlined in the Model 422 Electro-Eluter Module (BIO-
RAD) was used. Briefly, the gel slices were placed inside clean glass tubes plugged with a frit 
and a membrane cap (3.5 kDa MWCO; previously soaked in elution buffer). The frit and 
membrane were held together with a silicone adaptor. The tubes were then filled with Tris-
glycine elution buffer, connected to the (empty) buffer chamber, and were then covered with a 
lid. The buffer tank was subsequently filled with elution buffer until the entire tank was full. The 
electrode module was attached, and elution was carried out for 5 h at constant current (10 mA). 
During the elution process, unwanted macromolecules are carried by the electrical current out of 
the gel slices, through the frit and into the membrane cap. The nitrotyrosine-containing peptides 
are retained by the dialysis membrane molded into the cap. The preconcentrated peptides were 
then immediately transferred to clean microcentrifuge tubes and were lyophilized to yield white 
solids. The purified peptide fragments were dissolved in Nanopure water (18 MΩ cm) and 
further diluted for MALDI-MS work.  
2.1.4  Reversible Interaction of Prepared Nitroavidin Towards Biotinylated Proteins 
 Using Surface Plasmon Resonance Spectroscopy 
 
2.1.4.1 Surface Activation of Biacore CM-5 Sensor Chips 
CM-5 sensor chips (Biacore) were activated with a 90 µL mixture containing equal 
volumes of 0.4 M 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC), and 0.1 M              
N-hydroxysuccinimide, NHS, at a flow rate of 10 μL min
−1





2.1.4.2 Immobilization of Nitroavidin on Surface Activated CM-5 Sensor Chips 
Aliquots of 50 μg mL
−1
 nitroavidin in 10 mM sodium acetate buffer, pH 5.0, were passed 
over the activated sensor chip surface at a flow rate of 10 μL min
−1
. The succinimide esters react 
spontaneously with the amino groups of nitroavidin to form an amide bond between nitroavidin 
and the carboxymethylated dextran. After injection of nitroavidin, 70 µL of ethanolamine (from 
the Amine Coupling Kit) was passed over the sensor surface at the rate of 10 μL min
−1
 to 
deactivate the remaining active esters. 
2.1.4.3 Interaction Analysis and Surface Regeneration of Nitroavidin−Functionalized CM- 
5 Sensor Chips 
 
Thirty microliter aliquots containing different concentrations (5, 10, 15, 20, 30, 40, and 
50 μg mL
−1
) of biotinylated−myelin basic protein, (biotin-MBP), in HBS-EP running buffer, 
were passed over the nitroavidin-functionalized dextran at the rate of 5 μL min
−1
, and biotin-
MBP/nitroavidin interactions were examined. After flowing the biotin-MBP solutions, the 
nitroavidin-functionalized surfaces were regenerated using 100 μL of pH 10 50 mM carbonate 
buffer, at a flow rate of 100 μL min
−1
. The sensograms were fitted to the Langmuir adsorption 
isotherm using the software provided by the manufacturer (BIAevalutaion) to obtain the KD 
values goodness of fit. Aliquots of 50 μg mL
−1
 avidin solutions were also subjected to the same 
immobilization and interaction process. The SPR response is converted to surface density of 
protein immobilized in the units of ng cm
−2





2.1.5 Immobilization and Surface Characterization of Nitroavidin on Planar PMMA   
            Surfaces 
 
2.1.5.1 Preparation of UV-modified Planar PMMA Sheets 
 PMMA sheets were purchased from Goodfellow, and subsequently cut to appropriate size 




of removing the protective layer by immersing the PMMA in 2-propanol for 10 – 15 min, rinsing 
the PMMA in 18MΩ cm water, and drying the PMMA under a stream of high-purity N2. Under 
ambient conditions, the cleaned PMMA was placed under a UV light source (DUV Exposure 
System, ABM Inc.) with an emission maximum at 254 nm with an intensity of 15 mW cm
−2
, 
previously calibrated, for desired lengths of time. Some of the experiments with UV 
modification were done using a Ni grid mesh. 
2.1.5.2 Immobilization of Nitroavidin on UV-modified Planar PMMA Sheets 
 Prepared 50 μg mL
−1 
nitroavidin was dissolved in 10 mM phosphate buffer saline, PBS, 
pH 7.4, mixed with 0.0115 g 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide and 0.0046 g      
N-hydroxysuccinimide to achieve the desired concentrations in a total volume of 1 mL. 
Microliter aliquots of the nitroavidin solutions were sandwiched between UV-modified PMMA 
sheets and then incubated at 4 °C overnight. The nitroavidin-functionalized PMMA sheets were 
washed with cold pH 7.4 PBS buffer solution, then with chilled 18 MΩ cm water, and finally 
dried under a stream of high-purity N2.  
2.1.5.3 Preparation of PMMA-coated Au Slides 
 Gold-coated glass slides were purchased from EMF Corp., 1" x 3" x .060" Cr/Au. These 
slides were cleaned by UV irradiation in the ambient for 30 min, followed by rinsing with 2-
propanol, and drying under a stream of high purity N2. The clean, Au-coated glass slides had 
spin-coated film applied to them with a PMMA (Goodfellow, 100 μL, 1% w/v in 
dichloromethane) using a spin-coater (Specialty Coating Systems). This was done by dropping 
the prepared PMMA solution onto the spinning Au slide (2500 rpm), which was subsequently 
allowed to spin for 60 s. 
 After PMMA solutions were spin coated on Au-coated glass slides, they were modified 




maximum at 254 nm and an intensity of 15 mW cm
−2
, previously calibrated, for desired lengths 
of time.  
2.1.5.4 Immobilization of Nitroavidin on UV-modified PMMA-coated Au slides 
 Prepared nitroavidin was dissolved in 10 mM pH 7.4 phosphate buffer saline, containing 
0.0115 g 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide and 0.0046 g N-hydroxysuccinimide 
to achieve 50 μg mL
−1
 solutions. The PMMA-coated gold slides were incubated overnight in      
2 mL of the prepared nitroavidin solutions at 4 °C. After immobilization, the slides were washed 
with chilled, pH 7.4 phosphate buffered saline, then with chilled 18MΩ cm water, and finally 
dried under a stream of high purity N2. All samples were kept in tightly sealed Petri dishes inside 
desiccators until their eventual use. 
2.1.6    Fabrication and Characterization of Nanostructured PMMA Surfaces  
2.1.6.1 Fabrication of PMMA Nanopillars     
The PMMA nanopillars were fabricated using an anodic aluminum oxide (AAO) process 
developed at LSU.
5,6
 AAO templates were prepared via a two-step anodization process,
7
 and 
consisted of an Al substrate with AAO layer possessing nanochannels open on one end. Methyl 
methacrylate monomer (Fisher Scientific) containing 1% w/v benzoin methyl ether (Fisher 
Scientific), and 1% w/v PMMA (Mw 93,300 and Mn 46,400; Scientific Polymer Products Inc.; 
CAT#037Sb) was introduced into the nanochannels of the AAO templates by ultrasonication 
(Branson Ultrasonic Cleaner Model 2510) of the template and methyl methacrylate/benzoin 
methyl ether/PMMA solution for 30 min. The sample was then immediately placed on a glass 
support either in the laboratory ambient or under N2, and polymerization was achieved by a 30-
min exposure of 254-nm light (15 mW cm
−2
, DUV Exposure System, ABM, Inc.). Subsequently, 
the AAO template containing the PMMA structures was bonded to a 0.25-mm thick PMMA 




was removed from the assembly by use of saturated aqueous mercuric chloride, followed by 0.6 
M phosphoric acid. Finally, the PMMA replicas were carefully washed with 18 MΩ cm water, 
and the water removed by freeze drying at -80 
o
C using a Labconco FreezeZone Freeze Dry 
System.  
2.1.6.2 Preparation of PMMA Nanotubes 
A piece of 0.25-mm thick polymer sheet, PMMA (Goodfellow) or Topas 6013D61 
(COC, TOPAS Advanced Polymers GmbH), was placed in contact with the surface of anodic 
aluminum oxide (AAO) template prepared as described below, and the assembly was then 
clamped together between two glass microscope slides using binding clips (ACCO). The AAO 
template was prepared via a two-step anodization process,
7
 followed by removal of the Al 
support with saturated aqueous mercuric chloride for 5 – 24 h. Subsequently, dissolution of the 
oxide barrier-layer with 6% wt. H3PO4 at 40 
o
C for 30 min yielded AAO templates possessing 
nanochannels with both ends open. The polymer was melted by heating at 230 
o
C for 10 min 
under vacuum (170 Pa) in a standard vacuum oven. After that, the polymer/AAO composite was 
cooled to room temperature and removed from the glass slide support by soaking the assembly in 
an ultrasonic water bath. The AAO template pattern was dissolved in 0.6 M H3PO4 solution at 
ambient temperature. The erect polymer nanotubes were obtained by washing with Nanopure 
water (Barnstead, 18 MΩ cm) followed by freeze-drying, as described above. 
2.1.6.3 Identification of Surface Carboxylic Acids on UV-modified Planar PMMA, 
 Nanopillars, and PMMA Nanotubes Using s-SDTB Labeling Techniques 
 
 To determine the suface density of carboxylic acids on the surface of planar PMMA, 
PMMA nanopillars and PMMA nanotubes as a function of UV modification time, small pieces 
of these sheets were cleaned and UV modified for 0, 10, 20, and 30 min. Each UV-modified 




buffer) and 30 μL of ethylenediamine were added to each vial. All vials were placed on a shaker 
table to react for 3 h, after which each sample was rinsed with 18 MΩ cm water, then placed in a 
precleaned glass vial containing 2 mL of freshly prepared s-SDTB solution (0.1 mM), followed 
by reaction on a shaker for 30 min. At this point, each sample piece was rinsed thoroughly with 
18 MΩ cm water, placed in a precleaned vial containing 2 mL of perchloric acid solution (51.4 
mL 70% perchloric acid + 46.0 mL 18 MΩ cm water), and ultrasonicated for 15 min. The 
absorbance of the solution in each vial was then measured at 498 nm with a Cary 50 UV-Vis 
spectrometer. 
2.1.6.4 Element-Specific Labeling of UV-modified PMMA Surfaces, and Their Analysis 
 with X-ray Photoelectron Spectroscopy 
 
A thallium (I) ethoxide, Tl(OEt), labeling procedure was applied to planar PMMA sheets, 
PMMA nanopillars, and PMMA nanotubes so as to allow for determination of the carboxylic 
acid groups on their surfaces. Initially, a piece of each sample was UV modified for 0, 10, 20, 
and 30 min. The UV-modified pieces were covered with neat Tl(OEt) liquid for 30 s in an argon-
filled glove box (Vacuum Atmospheres), and then were rinsed with absolute ethanol, and dried 
completely in the glove box.  
2.1.6.5 Immobilization of Streptavidin-coated Nanospheres on UV-modified Planar PMMA 
Surfaces, PMMA Nanopillars, and PMMA Nanotubes 
 
 Streptavidin-coated nanospheres (Bangs Laboratories), 120 nm diameter and density of 
1.060 g mL
−1
, was immobilized on UV-modified planar PMMA surfaces, and PMMA 
nanopillars and PMMA nanotubes to determine microscopically the propensities of these 
surfaces for immobilization. Prior to immobilization, a small piece of each sample was UV 
modified for 20 min. A solution of the streptavidin-coated microspheres was prepared by mixing 
50 μL streptavidin-coated microspheres stock solution to 450 μL of pH 7.4, 0.1 M phosphate 




was separately immersed in the dilute microsphere solution. All samples were kept at 4 °C for 4 
– 5 h, followed by rinsing with chilled 18 MΩ cm water and dried by blotting using a KimWipe, 
and gently drying under a stream of high-purity N2. 
2.1.7 Surface Capture and Release of Biotinylated Proteins on Nitroavidin− 
 Functionalized PMMA Microchannels    
 
2.1.7.1 Fabrication of PMMA Microchannels 
 
 PMMA microchannels that were of 4-cm long, 50-μm wide and 50-μm tall were 
fabricated using a previously reported procedure.
8
 Briefly, a metal molding die which consists of 
raised microstructures electroplated from Ni on a stainless steel base plate was made using the 
X-ray LIGA technique.
8,9
 PMMA microstructures were embossed in a system that consisted of a 
PHI Precision Press (model number TS-21-H-C (4A)-5; City of Industry), in which a vacuum 
chamber was installed to produce low pressure (<0.1 bar) for complete filling of the Ni molding 
die. During embossing, the molding die was heated to 150 °C and pressed into the sheet PMMA 
at 1000 lb for 4 min. The PMMA part was then cooled to 85 °C for demolding. The embossed 
PMMA substrate (0.5-cm thick) was annealed to a piece of PMMA cover plate (0.05-cm thick) 
to enclose the microfluidic channel, which was achieved by clamping both parts with glass plates 
and heating in a convection oven at 100 °C for 20 min.  
 UV modification of the PMMA microchannels was done by exposing the entire channel 
to 254 nm UV light source (15 mW cm
−2
, DUV Exposure System, ABM, Inc.) for 10 min, 
followed by rinsing with 18 MΩ cm water, and finally drying under a stream of high-purity N2. 
The PMMA cover sheets were cleaned in a similar manner and were then annealed at 98 °C for 
15 min in the oven as described above. The PMMA microfluidic device formed by this process 
consists of cross-flow channels with a separation length of 4 cm, a channel depth of 50 μm, and 




2.1.7.2 Functionalization of UV-modified PMMA Microchannels with Nitroavidin  
 Prepared 50 μg mL
−1
 nitroavidin solutions were dissolved in 10 mM PBS buffer solution, 
pH 7.4, mixed with 0.0115 g EDC and 0.0046 g NHS to achieve a desired concentration of 
nitroavidin solutions. Using 100 μL gas tight syringes (Hamilton Syringes), microliter aliquots of 
the prepared nitroavidin solutions were hydrodynamically pumped into 4-cm long, 50-µm wide, 
and 50-µm tall UV-modified PMMA microchannels fitted with capillary tubing (TSP050250, 
Polymicro Technologies, LLC; Part # 2001976) at 2.5 µL min
−1
 using a syringe pump (Harvard 
Apparatus) for 40 min. The time to completely saturate the channel at that specific rate was 
noted, and excess nitroavidin solutions were collected in microcentrifuge tubes. To remove 
excess nitroavidin solutions from the surfaces of the PMMA microchannels, 100 μL of 10 mM 
PBS, pH 7.4, was pumped into the microchannels and then collected. 
2.1.7.3 Surface Capture of Biotinylated Proteins on Nitroavidin−Functionalized PMMA  
            Microchannels 
 
Dilute solutions of biotinylated-horse radish peroxidase (biotin-HRP; Pierce 
Biotechnology) were prepared in pH 7.4 10 mM phosphate buffer saline, and subsequently were 
hydrodynamically pumped using a syringe pump into nitroavidin-functionalized 4 cm x 50 µm x 
50 µm PMMA microchannels fitted with capillary tubing (TSP050250, Polymicro Technologies, 
LLC; Part # 2001976) using a 100 μL gas tight syringe (Hamilton Syringe) at 2.5 µL min
−1
 for 
40 min. Excess biotin-HRP solutions were collected in microcentrifuge tubes and were kept at 
−20 °C for further use. The procedure was repeated for four times using four separate 4 cm x 50 
µm x 50 µm PMMA microchannels. 
2.1.7.4 Surface Release of Biotinylated Proteins Bound on Nitroavidin−Functionalized  
            PMMA Microchannels 
 
Nonspecifically adsorbed biotin-HRP was desorbed from the nitroavidin surfaces by 




tight syringe in the same manner stated above. The desorbed biotin-HRP was collected in 
microcentrifuge tubes and then protein concentrations were quantified using MicroBCA standard 
protein assays. When not in use, the protein solutions were kept at -20 °C. Bound biotin-HRP 
was released from the PMMA microchannels by infusing (syringe pump) the biotin-HRP layered      
4 cm x 50 µm x 50 µm PMMA microchannels with solutions of ~pH 10 50 mM Na2CO3 buffers, 
in the same manner stated above. The released bound biotin-HRP was collected in 
microcentrifuge tubes and protein concentration obtained using MicroBCA standard protein 
assays. When not in use, the protein solutions were kept at -20 °C.  
2.1.7.5 Quantitation of Bound Biotinylated Proteins Using Standard Protein Assays 
 The desorbed bound biotin-HRP, unbound biotin-HRP, and nonspecifically adsorbed 
biotin-HRP solutions were quantified using a standard Micro BCA protein assay kit (Pierce 
Biotechnology). In the Micro BCA protein assay, individual protein solutions mentioned above 
were combined with equal volumes of working reagent (25 parts of Micro BCA Reagent MA 
(solution of Na2CO3, NaHCO3, and sodium tartrate in 0.2 N NaOH) + 24 parts of Reagent MB 
(4% bicinchoninic acid in water) + 1 part of Reagent MC (4% CuSO4•5H2O)) in a 
microcentrifuge tube and were then mixed using a vortexer. Then, the microcentrifuge tubes 
were incubated at 60 °C in a water bath for 1 h. After cooling the microcentrifuge tubes to ~25 
°C, the absorbance was read at 562 nm. The absorbance reading was obtained using a Varian 
Cary 50 UV-Visible spectrophotometer (Walnut Creek, CA). Ready made bovine serum albumin 
solutions from Pierce Biotechnology (Rockford, IL) were used for preparation of standard 
working curves with a protein constant of 0.5 – 20 μg mL
−1
. 
2.1.8    Analytical Techniques 
2.1.8.1 UV-Visible Spectroscopy 




solution of dialyzed nitroavidin and 100 µM 2-(4-hydroxyazobenzene) benzoic acid, HABA, -a 
biotin analog-were incubated
10
, and absorbance of the resulting solution was determined using a 
Varian Cary 50 UV-visible spectrophotometer (Walnut Creek, CA). Avidin solutions were 
similarly evaluated. Absorbance spectra of pure 50 µM HABA solutions were also recorded to 
serve as a control. 
2.1.8.2 Matrix-Assisted Laser Desorption/Ionization Mass Spetrometry 
 Analyses of Matrix-assisted laser desorption/ionization MS of the nitrated peptides in 
nitroavidin were performed on a Bruker ProFlex (Billerica, MA). For the peptides, the mass 
spectrometer was operated using an accelerating voltage of 19.50 kV, and an 80% grid voltage. 
External calibration was done with the Bruker peptide calibration standard kit which includes 
Angiotensin 1, Angiotensin 2, Bombesin, ACTH (1-17) and ACTH (18-38). ACTH (1-17) is 
human adrenocorticotropic hormone peptide fragments 1-17, while ACTH 18-38 is human 
adrenocorticotropic hormone peptide fragments 18-38. The MALDI matrix used was α-cyano-4-
hydroxycinnamic acid, HCCA, (dissolved in 0.1% TFA acetonitrile/water 1:1 v/v). The analyte-
to-matrix ratio was kept at 1:2 v/v ratios, and 1 µL was spotted onto the MALDI sample holder, 
followed by drying in air before analysis. 
2.1.8.3 Ellipsometry 
 Ellipsometric thicknesses of nitroavidin-functionalized PMMA-coated gold slides were 
determined using a Rudolph Research Auto EL III ellipsometer possessing a He-Ne laser (632.8 
nm) at a 70° angle of incidence. Six separate points were measured on each sample, and the 
readings were then averaged. Initially, the optical constants of bare gold were obtained on the 
gold surfaces that were cleaned by exposure to a low-pressure mercury UV lamp for 30 min.  
2.1.8.4 Infrared Spectroscopy Studies 




instrument Nicolet 740 Fourier transform infrared spectrometer (Nicolet, Madison, WI) using a 
liquid-nitrogen-cooled, wide-band MCT detector. External reflection measurements were taken 
at 86° incident angle using the Versatile Reflection Attachment with Retro-Mirror Accessory 
(Harrick).
11
 The retro mirror was an Al-coated optical flat. All measurements were performed 
using a glove bag that surrounded the sample chamber and was connected to an auxiliary 
nitrogen purge line. Background spectra were taken from a bare Au slide. A resolution of 4 cm
−1
 
was used and 1024 scans were collected.
11
 
2.1.8.5 Scanning Force Microscopy Studies 
 
AFM was used to probe the reversible binding of biotinylated dextran on nitroavidin 
functionalized PMMA surfaces. Biotin-dextran (MW 10,000 Da, Invitrogen) was used for the 
reversible binding on PMMA surfaces previously UV modified (without Ni grid mesh) and 
immobilized with dilute solutions of nitroavidin in the same manner stated above. Dilute 
solutions of biotin-dextran in pH 7.4 10 mM phosphate buffer saline, were spotted on the 
nitroavidin-functionalized PMMA, allowed to sit for 60 min, and washed with cold PBS buffer 
and 18 MΩ cm water. A Digital Instruments Nanoscope III multimode scanning force 
microscope (Veeco, Inc.) operated in tapping mode making use of the “J” scanner was used for 
all images presented here. After acquisition, images were corrected for piezoelectric bow by use 
of “flattening” software provided by the manufacturer. 
2.1.8.6 X-ray Photoelectron Spectroscopy Studies 
Nitroavidin-functionalized UV-modified planar PMMA sheets and Tl (I)-exposed, UV-
modified PMMA sample pieces were analyzed for elemental composition with an Axis 165 X-
ray Photoelectron Spectrometer (Kratos Analytical) using a monochromatized Al Kα (1486.6 eV) 
X-ray source with a power of 150 W. Survey and high-resolution spectra were obtained using 




analysis to compensate for any possible charge effects on the insulating polymer surfaces. For 
nitroavidin-functionalized surfaces, binding energies were corrected using the C1s peak at 285 
eV. Binding energies for N1s were determined at 398.5 eV and were correlated to the presence 
of nitrogen from amino acids. For Tl (I)-labeled samples, core level binding energies for C1s and 
O1s were corrected according to Beamson et al. referencing the methyl carbons to 285.0 eV and 
carbonyl oxygens to 532.2 eV, respectively.
28 
2.1.8.7 Scanning Electron Microscopy Studies 
Immobilized streptavidin-coated microspheres were examined using a Cambridge 
Stereoscan 260 scanning electron microscope (SEM). Before SEM examination, all samples 
were coated with Pd/Au using an Edwards S-150 sputter coater and were kept inside the vacuum 




torr for 5 min. At this point, an accelerating voltage of 15 kV 
was used to bombard the surfaces, and fine adjustments and coarse adjustments were 
manipulated to achieve desired images at a medium fast scan rate. Integrated multiple scans (256 
scans integrated) were applied to achieve effective noise reduction. The working distance was 
varied depending on the achieved resolution of the images, but the spot size was kept at an 
arbitrary 8 μm while the aperture was kept at 20-30 μm diameters. Obtained images were stored 
and processed using Roxio Videowave and Adobe Photoshop. 
2.1.8.8 Fluorescence Microscopy Studies 
 To determine success of nitroavidin immobilization as followed by fluorescence 
microscopy, the nitroavidin-functionalized PMMA sheets were covered with dilute solutions of 
biotin-4-fluorescein (Molecular Probes) in pH 7.4, 100 mM phosphate buffer saline at 4 °C 
overnight. After this, the biotin-4-fluorescein/nitroavidin-functionalized surfaces were washed 
with chilled pH 7.4 phosphate buffer saline, then with chilled 18 MΩ cm water, and finally dried 




Leica Deconvolution fluorescence microscope. The excitation and emission filters used were 488 
nm and 520 nm, respectively.   
2.1.8.9 Contact Angle Measurements 
            To determine the wettability of planar PMMA, PMMA nanopillar, and PMMA nanotubes 
as function of UV modification time, sessile drop contact angle measurements were done using a 
VCA 2000 Contact Angle System (VCA) equipped with a CCD camera. Two microliters of 18 
MΩ cm water were placed on the various PMMA surfaces using a gas-tight syringe (Hamilton 
Syringe). The contact angles of the water drops were measured immediately after placement of 
the 2 μL water droplet on the PMMA surfaces using the software provided by the manufacturer. 
The values reported here are averages of 4 separate measurements on various PMMA surfaces.           
2.2 Theory of Surface Plasmon Resonance Spectroscopy 
 
Surface plasmon resonance spectroscopy, SPR, is a powerful spectroscopic method that 
has become a standard technique for quantitative and kinetic analysis of biomolecular 
interactions between proteins and immobilized ligands in real time.
12
 The technique allows the 
measurement of changes in refractive index in the close vicinity of a thin metal film surface on 
which the specific ligand is immobilized.
13
 An evanescent field is generated as light propagate 
with total internal reflection at the interface between the glass and metal film (Figure 2.1). The 
evanescent field from the glass-metal interface penetrates into the metal film and propagates with 
exponentially decreased amplitudes.
12
 At a certain angle or wavelength of incident light, the 
wave vectors of the surface plasmon and evanescent field will be equal to each other, resulting in 
a resonance. As a result, the reflected light energy will be dramatically reduced at the resonant 
angle or wavelength. A plot of reflected light energy versus incidence angle or wavelength yields 
an angular or wavelength intensity profile that displays a sharp dip.
12
 The exact location of the 










Figure 2.1 Total internal reflection for nonabsorbing media. Light propagating in a medium of 
refractive index n1 undergoing total internal reflection at the interface with a medium of lower 
refractive index n2. The evanescent field, E, is a non-transverse wave having components in all 
spatial orientations decreasing in field intensity with penetration into medium n2. θ is the angle 
of incidence. kx = (2*π/wavelength) * n1 * sin (θ). Adapted from Ref. [20]. 
 
The binding of molecules being studied on the lower metal surface causes a change in the 
refractive index of the surface medium, which in turn causes a shift of resonant angle or 
wavelength and thus can be used for determination of the species being studied.
14
  
The BIAcore SPR biosensor is an increasingly popular platform for the analysis of 
biomolecular interactions in real time. One of the pair of interactants, usually called the capture 
molecule (or ligand), must be immobilized within the biosensor flow cell before monitoring the 
interaction of the mobile-phase partner.
19
  
In Biacore systems, the media are the glass of the sensor chip and the sample solution, 
and the metal film is a thin layer of gold on the sensor chip surface.
21 
Under conditions of total 
internal reflection, light incident on the reflecting interface leaks an electric field intensity called 
an evanescent wave field across the interface into the medium of lower refractive index, without 
actually losing net energy (Figure 2.1).
20
 The amplitude of the evanescent field wave decreases 
exponentially with distance from the surface, and the effective penetration depth in terms of 












At a certain combination of angle of incidence and energy (wavelength), the incident 
light excites plasmons (electron charge density waves) in the gold film.
17
As a result, a 
characteristic absorption of energy via the evanescent wave field occurs and is seen as a drop in 
the intensity of the reflected light (Figure 2.2).
17
 Because the evanescent wave field penetrates 
into the solution, conditions for this resonance effect are very sensitive to the refractive index of 
the solution within the effective penetration depth of the evanescent field.
16
 Changes in solute 
concentration at the surface of the sensor chip cause changes in the refractive index of the 
solution which can be measured as changes in the SPR conditions.
16
 The penetration depth of the 
evanescent wave determines the thickness of the solution layer where refractive index changes 








Figure 2.2 SPR is excited by p-polarized total internal reflected light at a glass/metal interface, 
the surface plasmon enhancing evanescent field amplitude, E. In Biacore systems which use a 
sensor chip, this interface takes the form of an exchangeable gold-coated glass slide. SPR is 











. Adapted from Ref [20]. 
 
To achieve total internal reflection of the light at the interface between the sensor chip 
and the solution, the glass side of the sensor chip is pressed against a semi-cylindrical glass 
prism, using a silicone opto-interface to ensure good optical contact.
16
 Light from a light-





a fixed range of incident and reflected angles.
16
 The effective penetration depth of the evanescent 
wave under these conditions is of the order 150 nm.
16 
The essential components of a Biacore analytical system are:
 
(a) the sensor chip with a 
biospecific surface where the interaction takes place,
 
(b) the optical system responsible for 
generation and detection of the SPR signal,
 
(c) a liquid handling system with precision pumps 
and an integrated microfluidic cartridge (IFC) for controlled transport of samples to the sensor 
surface.
19 
 Results from real-time analysis are presented as a sensogram,
20
 which is a plot of changes 










Figure 2.3 The sensogram provides real-time information about an entire interaction, with 
binding responses measured in resonance units (RU). Binding responses at specific times during 
the interaction can also be selected as report points. According to the interactions under 
investigation, any remaining bound sample molecules may be removed in a regeneration step 
that prepares the surface for the next sample injection.
20
 Adapted from Ref [20]. 
 
The technique has the main advantage over more conventional assays of molecular 
recognition, such as enzyme-linked immunosorbent assay (ELISA), in its ability to provide real-
time information on binding, without labels.
22





respect to analytical speed and throughput, as well as sensitivity and flexibility compared to 
other methods,
 
such as protein affinity chromatography and hybrid experiments.
23 
2.3 Theory of X-ray Photoelectron Spectroscopy 
 X-ray photoelectron spectroscopy (XPS), also called electron spectroscopy for chemical 
analysis (ESCA), has been widely applied in the biomedical sciences, especially during the last 
ten years.
25
 The precision, accuracy, high information content, low sample damage, and 
appropriate sampling depth (uppermost ~10 nm) all contribute to the popularity of this method.
22
 
XPS is based on the photoelectric effect whereby all the energy of the incident photon is 
expended in the ejection of a photoelectron, EK.
26
 In 1914, Rutherford first stated the basic 
equation of XPS, which subsequently modified to  
 
where EK is the kinetic energy of the X-rays (photoelectrons), hυ the incident photon energy and 
EB the electron binding energy.
26
 It should be noted that Einstein explained the concept of the 
photoelectric effect (the basic principle of XPS).
27 
A surface irradiated by X-rays will emit 
electrons if its EB is less than the energy of the X-ray (hυ). The energy of these electrons provides 
information about the nature of the atom or molecule from which they originate.
26
 The total 
number of electrons emitted will be related to the concentration of the atom or molecule in the 
surface.
26
 The poor ability of electrons to penetrate matter (electron mean-free path) will ensure 
that electrons detected come only from the surface zone.
26
 A typical XPS instrumentation is 
illustrated in Figure 2.4.
 
XPS became commercially available in 1969, and XPS is the most widely used analytical 
technique for studying polymer surfaces.
28
 Information that can be obtained from XPS includes: 
(a) identity of elements, (b) amount of each element, (c) molecular information, (d) shake-up 




















2.4 Theory of Scanning Electron Microscopy 
  
 Scanning electron microscopy is defined as a specialized field of science that employs the 
electron microscope as a tool, and the scanning electron microscope (SEM) produces an image 
that gives the impression of three dimensions.
29
 This microscope uses a 2 – 3 nm spot of 
electrons that scans the surface of the specimen to generate secondary electrons from the 
specimen that are then detected by a sensor.
29
 The image is produced over time as the entire 
specimen is scanned.  
SEM is undoubtedly the most widely used of all electron beam instruments; and the 
popularity of the SEM can be attributed to many factors: (a) the versatility of its various modes 
of imaging, (b) the excellent spatial resolution now achievable, (c) the very modest requirement 
on sample preparation and condition, (c) the relatively straightforward interpretation of the 





user-friendliness, (f) high levels of automation, and (g) high throughput.
30
 A schematic diagram 














Figure 2.5 Block diagram showing basic components of scanning electron microscope. C1 is the 
first condenser lens, C2 is the second condenser lens, and C3 is the final condenser lens. 
 
From the above illustration, the electron gun provides a high voltage electron beam, and 
this is demagnified (smaller spot size) as it passes through the first condenser lens (C1), down to 
the final condenser lens (C3). As soon as electron beam bombards the surface of the sample 
which is under vacuum, secondary electrons are ejected from surface (surface structure) and 
collected and detected by a secondary electron detector or photomultiplier, which is then 
amplified to yield responses characteristic of surface features. Depending on the speed of the 
electrons, as well as the density of the specimen, the beam may penetrate to a variable depth in 
the specimen.
31
 A change of magnification is achieved by varying the length that the beam is 
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Preparation and Characterization of Nitroavidin as Surface Ligand for Surface Capture 
and Release of Biotinylated Proteins 
 
3.1 Introduction 
 The use of avidin−biotin technology in separation processes has gained much attention 
and prominence since the 1980s. This is due to the strong affinity (with a solution KD value of 
10–15 M) between the protein avidin (from egg white) or streptavidin (bacterial protein from 
Streptomyces avidinii) and biotin (vitamin H, 0.24 kDa), which is considered to be the strongest 
noncovalent interaction in nature.1 As a result, avidin−biotin systems have been used extensively 
in diverse applications, especially in the biological separations arena.2-7 The usual procedure 
involves the biotinylation of the target agent and its subsequent binding or interaction with 
avidin, which has previously been immobilized or attached onto a surface that has been 
functionalized with biotin. 
 Recently, different works4-23 have focused on making the interaction between avidin (also 
streptavidin, neutravidin) and biotin substantially more reversible. The process involves 
modifying the biotin-binding site either by site-directed mutagenesis8 or chemical modification4-
7,9-23. Site-directed mutagenesis routes have involved the alteration of the amino acid sequence, 
such as changing lysine to glutamic acid, arginine to aspartic acid, and lysine to glutamic acid.8 
The route taken thus far for chemical modification is the application of chemical agents such as 
nitrogen dioxide15,17, peroxynitrite15,18 and tetranitromethane,3,4,6,7,9-17,20 to introduce nitro groups 
in the aromatic rings of amino acids. The introduction of a nitro group to the phenyl ring in 
tyrosine causes a lowering of the pKa of the phenolic hydroxyl from approximately 10.3 to 7.3.20 
This occurs because the presence of the electron-withdrawing moiety such as nitro group draws 




oxygen more polarizable. This modification results in binding of biotinylated ligands at low and 
neutral pH values, but ligand binding does not occur to a significant amount under basic 
conditions (pH 10).3,4 Site-directed mutagenesis methods tend to be tedious;8 on the other hand, 
chemical modification of amino acid residues in proteins is comparatively easy to achieve, 
especially for site-specific modification of tyrosine using chemical agents.20 
 In this work, we applied chemical modification of four tyrosine residues by nitration 
(using tetranitromethane) of the avidin protein from chicken egg white and then used this nitrated 
ligand on surfaces to capture and release biotinylated myelin basic protein (MBP) by 
manipulation of solution pH. UV-Vis spectroscopy showed non-binding of the biotin analog, 2-
(4-hydroxyazobenzene) benzoic acid, HABA, to solution-phase nitroavidin. The amount of 
nitrotyrosine in nitroavidin was quantified using ELISA, and the presence of nitrotyrosine was 
probed using SDS-PAGE and Western blotting. For the first time, it is shown with mass 
spectrometry that indeed these tyrosine residues involved in biotin binding are modified with a 
nitro functionality. Furthermore, surface plasmon resonance spectroscopy (SPR) was used to 
demonstrate a decrease in binding propensity between immobilized nitroavidin and a 
biotinylated protein (MBP) in solution when compared to immobilized, native avidin.   
3.2  Preparation and Purification of Nitroavidin  
 Nitration of tyrosine amino acid units in proteins, such as avidin, is comparatively easy to 
achieve, but it can be difficult to obtain site-specific modification. However, the ability to utilize 
tyrosine modification as a means to introduce spectral probes into proteins has been quite 
useful.20 Different approaches have been applied and focused on the modification of tyrosine 
using tetranitromethane (TNM),3,4,6,7,9-17,20 diazonium compounds,21 iodine,22,23 and                    
N-acetylimidazole.24 The possible use of TNM for the modification of tyrosyl residues in 




their works established the specificity and characteristics of the reaction of TNM with proteins. 
Recently, other nitrating agents such as nitrogen dioxide, 1-hydroxy-2-oxo-3-(N-methyl-
aminopropyl)-3-methyl-1-triazene (NOC-7) and peroxynitrite have been used for nitrating 
tyrosyl residues in proteins, though TNM proved to be more effective than other reagents.17 
The preparation of nitroavidin was adopted from previous works.3,4 Briefly, affinity-
purified avidin from chicken egg white (Sigma) was dissolved in Tris-HCl buffer (pH 8.0) at 1 
mgmL−1, to which 20 µL of 4.0 x 10−2 M tetranitromethane in ethanol was added. The resulting 
solution was then allowed to react at 25 ºC for 1 h to allow for possible complete reaction. The 
nitration reaction of tyrosyl residues in proteins is highly favored under basic conditions,          
pH 8.0.9 The concentration of the product in the form of nitroformate, C(NO2)3¯ (ε at 350 nm = 
14,400 M−1 cm−1), can be used to spectroscopically monitor the progress of the reaction.9 In the 
process of nitrating avidin, it is purported that addition of the nitro group takes place at the ortho 
position (relative to the hydroxyl group) of the tyrosine residues of the avidin monomer, 
resulting in 4 possible nitration sites (avidin is a tetramer assembly in solution). The above 
nitration process is schematically depicted in Figure 3.1. Excess tetranitromethane was removed 
by performing dialysis first in 1 M NaCl for 12 h and then in Nanopure water (18 MΩ cm) for 24 
h using a dialysis kit (Pierce) with a 3.5 kDa MWCO. The dialysis retentate was then transferred 
to a clean container and lyophilized to give a slightly yellow solid. The average percent recovery 
for this procedure was ~85%. One possible problem with the use of TNM for nitrating tyrosyl 
residues in proteins is the covalent cross-linkage of the tyrosyl residues, resulting in inter- and 
intramolecular association; however, this is dependent on other factors such as protein 
concentrations and solvent conditions (i.e., pH).19 For the purpose of this work, the nitration 






The possibility of obtaining disubstituted tyrosine in this experiment should not be ignored 










Figure 3.1 Scheme for the nitration of avidin in Tris-HCl, pH 8.0, using 0.04 M 
tetranitromethane in CH3CH2OH at 25 °C. 
 
3.3 UV-Visible Spectrophotometric Characterizations of Nitroavidin            
The binding capabilities of the nitroavidin prepared here were assessed using a qualitative 
method based on the spectroscopic probing of the binding of a dye molecule possessing a 
structure similar to that of biotin.25 HABA, 2-(4’-hydroxyazobenzene) benzoic acid, is a 
biomimetic that has become an important tool in avidin−biotin technology, because it can be 
readily used to determine the amount and biotin binding activity of avidin in solution.26 Upon 
binding to avidin, the color of HABA changes from yellow to red (increase in absorbance at 500 
nm); the yellow color can be restored upon displacement of the avidin-dye complex by biotin.26 
Incubation of aqueous solutions of native avidin and the isolated nitroavidin with HABA, 
resulted in spectra such as those displayed in Figure 3.2. In the presence of avidin, HABA 
exhibited an increase in absorbance near 500 nm, which signifies the expected interaction of 




identical spectrum of HABA alone, indicating a small or no interaction of HABA with 
nitroavidin.26 Based on this outcome, it is clear that modification of the biotin-binding site 
(nitrotyrosine formation) was achieved. Furthermore, it can also seen from Figure 3.1 that 
absorbance of HABA slightly decreased at 350 nm when mixed with avidin, as opposed to 
steady absorbance of HABA when combined with nitroavidin (same absorbance intensity as that 












Figure 3.2 UV-Visible spectroscopy of 100 µM 2-(4-hydroxybenzene) benzoic acid, HABA, at 
25˚C in PBS buffers (pH 7.0) showing non-interaction (nonbinding) to 3.3 µM nitroavidin, while 
binding to 3.3 µM avidin. 
 
3.4 Quantification of Nitrotyrosine in Nitroavidin by ELISA 
 Success of the nitration reactions, and the average number of tyrosine sites in avidin that 
successfully underwent nitration using tetranitromethane (TNM), was determined using an 
enzyme-linked immunosorbent assay (ELISA).19,27 In this procedure, nitrated avidin and 
calibration standards were incubated for an hour in microtiter wells coated with antibodies 














 1:1 100 µM HABA/3.3 µM Avidin
 50 µM HABA




recognizing nitrotyrosine. After incubation, unbound material was removed with buffer, and 
biotinylated tracer antibodies were added to microtiter plate. The nitrotyrosine in nitroavidin can 
be recognized by these biotinylated tracer antibodies, and excess tracers can be removed by 
washing. After this step, streptavidin-peroxidase conjugate was added to the wells, and the 
conjugate can react specifically with the biotinylated tracer antibody bound to nitrotyrosine. 
Upon washing of the wells, tetramethylbenzidine (TMB) was added to them. The enzyme 
reaction was stopped by the addition of citric acid, and the absorbance was read at 450 nm using 
a microplate reader. The nitrotyrosine concentration in the nitroavidin samples was determined 
from a calibration plot that employed nitrotyrosine calibration standards. Shown in Figure 3.3 is 
the calibration plot from this work (χ2calculated = 0.00024 < χ2tabulated = 0.35 at 95% confidence 
interval with degree of freedom equals 3). From these studies, it was determined that an average 
of 3 moles of tyrosine out of a total possible 4 moles had undergone nitration. These data are in 
agreement with previous outcomes using identical nitration conditions (3.4 out of 4) and point to 









Figure 3.3 Calibration plot for nitrotyrosine quantitation in nitroavidin using the ELISA kit. 
Absorbance was read at 450 nm, 25 °C. 
















3.5  Isolation and Identification of Nitrotyrosine-containing Peptides Resulting from 
 Chemical Cleavage of Nitroavidin Using SDS-PAGE and Western Blotting 
 
 Although the immunoassay approach has been used routinely to confirm the presence and 
quantify the amount of nitrotyrosine units present in TNM-modified proteins,19 to date there have 
been limited studies of the precise location of the nitration in the amino acid sequence. To that 
end, we have applied a chemical cleavage route coupled with separations and mass spectrometry 
to both avidin and nitroavidin.  
 As others have shown, avidin and particularly streptavidin, are relatively stable toward 
proteolytic cleavage using typical enzyme routes.28 Thus, hydroxylamine was used to produce 
fragments of nitroavidin (and avidin), Figure 3.4, by treatment with 2 M hydroxylamine in 0.2 M 
Tris·HCl buffer, pH 9.0, at 45 ºC for 6 days.28 The resulting products were separated using SDS-
PAGE and Western blot methods. Previous works29,30 showed that nucleophilic hydroxylamine 
cleaves the asparaginyl-glycyl peptide bond, positions 88-89 in the monomeric form of avidin, 
through the formation of a cyclic imide, anhydroaspartylglycine. More recent studies28 with 
avidin showed other hydroxylamine-cleavage sites in avidin.  In this work, digestion of the 
nitrated avidin with hydroxylamine produced a yellowish viscous digest which was aliquoted and 







Figure 3.4 Digestion of nitroavidin using 0.2 M hydroxylamine in 0.2 M Tris-HCl buffer, pH 




In Figure 3.5 is shown the SDS-poly(acrylamide) gel electropherograms (SDS-PAGE) of 









Figure 3.5 SDS electropherograms (Coomassie blue stained), of NH2OH-digested avidin and 
nitroavidin. Dashed box (white) points to the peptide fragment possibly containing the 
nitrotyrosine sequence, which was evaluated with an anti-nitrotyrosine Western blot technique. 
MW standards are shown in the far right area of the electropherogram. 
 
The peptide cleavage product that most likely contains the tyrosine, and thus the 
nitrotyrosine residue, can be found in the 8 kDa band of the SDS-PAGE of avidin/nitroavidin.28 
However; we chose to further confirm the presence of nitrotyrosine-containing peptide cleavage 
product in this band by using Western blotting coupled with immunostaining. Shown in Figure 
3.6 are the results of the Western blotting experiments of purified nitroavidin that has undergone 
hydroxylamine digestion for 6 days. The 8 kDa band from the SDS-PAGE of nitroavidin, which 
was Western blotted and immunostained, displayed a strong purple color, similar to that for a 
positive control-nitrated rabbit muscle myosin. It was found that a band in the Western blot 
membrane corresponding to an apparent MW of roughly 8 kDa was positive for nitrotyrosine 





























Figure 3.6 Western blot of nitroavidin band from Figure 3.5, MW standards and a positive 
control (nitrated rabbit muscle myosin). The three stains from the nitroavidin at ~ 8 kDa 
correspond to three trials performed in one run.  
 
3.6 MALDI-ToF Mass Spetrometric Anaylsis of the Isolated Nitrotyrosine-containing  
Peptides 
MALDI-ToF-MS of the isolated band in Figure3.5 routinely led to data like that in 
Figure3.7. Both MALDI-ToF spectra for digested avidin and nitroavidin possessed (M + H)+ 
ions at m/z 2046 amu (denoted as F1), corresponding to the predicted 20 amino−acid peptide 
T19IGAVNSRGEFTGTYTTAVT38. In the MALDI-ToF spectra of avidin, aside from the m/z 
2046 ion, an (M + H)+ ion peak was observed at m/z 2088 that corresponds to an unmodified 
tyrosine-containing peptide region in avidin that has the following 20 amino acid sequence, 
T30GTYTTAVTATSNEIKESPL49 (referred to as F2).  
In the NH2OH digest of the nitrated avidin, several ion signals are evident in the 
nitrotyrosine-containing peptide region (upper trace) which are absent in that of the NH2OH 















to substitution of hydrogen by NO2, suggesting the presence of nitrotyrosine in the 8 kDa peptide 
band. Second, ion peaks were observed at m/z 2076 and 2062, which correspond to ions that are 
16 and 30 Da lower in mass than the F1−Tyr(NO2) ion. The data here suggest that the 
nitrotyrosine-containing peptide in nitrated avidin undergoes a series of photoinduced 











Figure 3.7 MALDI-ToF mass spectra of (upper trace) the peptide region containing nitrotyrosine 
from the digested nitroavidin and the same region (lower trace) of digested native avidin which 
does not have the fragmentation patterned observed for the nitrotyrosine-containing peptide 
region from nitroavidin. The matrix used is α-cyano-4-hydroxycinnamic acid (HCCA). 
 
The formation of the nitroso analog [Tyr(NO)] at m/z 2076 comes from a previously 
reported and straight-forward reaction involving a two-electron reduction process accompanied 
by the transfer of two protons and loss of water.33 This photodecomposition reaction is common 
to nitroaromatic compounds31,33 in the presence of proton donors, which in this case is most 
likely the matrix used in the MALDI-ToF-MS analysis. Another ion peak was observed at m/z 


















































complicated route involving multiple steps. This process involves participation of the 
neighboring tyrosine hydroxyl group followed reduction by the matrix.31 It is also proposed in 
the literature that [Tyr(NH2)] can be alternatively formed by loss of oxygen atoms through the 
formation of triplet nitrene [Tyr(N)], which then isomerizes to form a seven-member ring isomer 
dehydroazepine-type side chain.31 In more recent work,34 reduction of [Tyr(NO2)] to [Tyr(NH2)] 
was achieved using sodium dithionite, Na2S2O4. Similarly, we observe the presence of 











Figure 3.8 Photoinduced chemical reactions of typical nitrated tyrosine-containing peptides. 
 
 Collectively, the mass spectral data allow us to conclude that nitration of tyrosine at 
position 33 occurs under the conditions used here. This site has been shown by X-ray 
crystallography to be that for binding biotin and biotin analogs such as HABA. Although it is 
possible that nitration of phenylalanine at position 29 occurs, the presence of the ions associated 
with nitroavidin F2 (upper trace, Figure3.4)–a sequence that does not contain phenylalanine or 
any other aromatic amino acid–only supports that tyrosine at position 33 as the nitration site for 
there are no other aromatic amino acids that overlap in the F1 and F2 sequences. It is important 





3.7 Reversible Binding Between Biotin and Nitroavidin Probed by Surface Plasmon 
 Resonance Spectroscopy 
 
Although spectrophotometric titration of avidin, as well as nitroavidin, with different 
concentrations of biotin or biotin analogs, such as 2-(4’-hydroxyazobenzene) benzoic acid 
(HABA), can be performed to probe the magnitude of KD as mentioned elsewhere,25 it was 
decided that measurement of KD using surface plasmon resonance spectroscopy (SPR) was 
directed more to my interests with microfluidic devices because of the capabilities of integrating 
an SPR type of detection to microfluidic devices; thus, a probale approach of determining KD in 
microfluidic devices. 
SPR is a powerful spectroscopic method that has become a standard technique for 
quantitative and kinetic analysis of biomolecular interactions.35 SPR measures changes in 
refractive index/thickness of materials or gold films.36 The technique has the main advantage 
over more conventional assays of molecular recognition–such as enzyme-linked immunosorbent 
assay (ELISA)-in its ability to provide real–time information on binding, in without labels.37 
Also, SPR offers a number of advantages with respect to analytical speed and throughput, as well 
as increased sensitivity and flexibility compared to other methods, such as protein-affinity 
chromatography and hybrid experiments.36 
To probe the binding process with SPR, carboxylic acid−terminated dextran sensor 
surfaces were first functionalized at a flow rate of 10 µL min−1 using a mixture of 90 µL 
containing equal volumes of 0.4 M 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide, EDC, and 
0.1 M N-hydroxysuccinimide, NHS, to provide pendant succinimide ester sites, Figure 3.9. After 
the EDC/NHS activation processes, solutions of 50 µg mL−1 nitroavidin (or 50 µg mL−1 avidin) 
were passed over the activated surface to allow immobilization of the protein at a flow rate of 10  




Unmodified active sites on the surface were blocked with 70 µL ethanolamine solutions 











Figure 3.9 Surface immobilization route for nitroavidin on succinimide ester-activated Sensor 
Chip CM5, followed by interaction with biotin conjugated myelin basic protein (biotin-MBP).  
 
 The immobilization step of nitroavidin and avidin on SPR sensor chips yields activation-
step sensograms for both nitroavidin and avidin. From the activation-step sensograms, response 
for immobilized proteins was estimated by subtracting baseline response from response curve 
after deactivation, the activation-step response for immobilized nitroavidin was estimated to be 
11,000 ± 1,500 RU, while the immobilization response for avidin was 6,900 ± 1000 RU. 
After surface immobilization, the nitroavidin surfaces were used for interaction analysis. 
For this process, 30 µL aliquots containing different concentrations (5, 10, 15, 20, 30, 40, and 50 
µg mL−1) of biotin-MBP (myelin basic protein; an 18 kDa protein; Upstate Cell Signaling 
Solutions) in HBS-EP running buffer and a flow rate (5 µL min−1) were used. For avidin 
































Figure 3.10 SPR sensograms for interaction between (lower trace) immobilized nitroavidin and 
biotin-MBP, and (upper trace) immobilized avidin and biotin-MBP on separate Sensor CM5 
chips. A refers to buffer run, B is association kinetics for both, and C is buffer run for 
dissociation. 
 
Although the same concentration of avidin and nitroavidin were used for the 
immobilization on the EDC/NHS-activated SPR chips, the responses for avidin surfaces exposed 
to 50 µg mL−1 biotin-MBP solutions were higher compared to those for nitroavidin surfaces, 
(662 ± 60 and 194 ± 15 RU, respectively). One possible reason for the observed phenomenon is 
the difference in the way avidin and nitroavidin are immobilized on the surface. Although the 
surface protein concentration38 for immobilized nitroavidin (1,100 ± 150 ng cm−2) was higher by 
a factor of ~2 than avidin (690 ± 100 ng cm−2), the capture efficiency of nitroavidin is less than 
that of avidin. This may result from covalent crosslinking of tyrosine residues that lead to inter- 
and intramolecular associations. In addition, even though reactions of tetranitromethane with 
proteins are reasonably specific for tyrosine, observations like oxidation of sulfhydryl 
groups,13,14 reactions with tryptophan,12 histidine,13 and methionine13 have been reported.   
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binding sites or “hydrophobic pockets” (due to additional presence of several aromatic residues 
in the biotin-binding site) amenable for interaction, a “partially collapsed” nitroavidin may result. 
It would be valuable to obtain the crystal structure of nitroavidin to help confirm such an 
argument.  
To investigate the signal response of analyte to ligand, different concentrations of biotin-
MBP were prepared.  Dilute concentrations of biotin-MBP in HBS-EP buffer were allowed to 
interact with the activated chip and results are shown in Figure 3.11 (a representative plot from 4 
different runs for each concentration). Following this, the equilibrium association and 
dissociation phases/kinetics for each sensogram were determined using the Langmuir adsorption 
model used in the BIACORE Evaluation software, and the observed values were summarized 
(Table 3.1). From the results, the equilibrium dissociation constant obtained for the biotin-
nitroavidin interactions is higher, KD = 4 x 10–6 M, than biotin-avidin interactions, KD = 1 x 10–13 












Figure 3.11 SPR sensograms for the interaction of biotin-MBP at different concentrations with 





protein, µg mL−1 




2.81 ± 0.13   
 
3.56 ± 0.17 
10 2.13 ± 0.84 5.16 ± 1.62 
15 4.92 ± 1.13 2.10 ± 0.41 
20 2.57 ± 0.18 3.92 ± 0.25 
30 1.38 ± 0.32 7.52 ± 1.52 
40 2.15 ± 0.15 4.67 ± 0.31 
50 2.66 ± 0.06 3.82 ± 0.09 
 The maximum binding capacity (Rmax) of nitroavidin for biotin-HRP was also estimated 
using the following equation,  
 
  
                .   
where analyte MW is the molecular weight of nitroavidin, ligand MW is the molecular weight of 
biotin-HRP, ligand response is the sensogram response in RU obtained from immobilization of 
nitroavidin, and valence is the number of analyte molecules which can bind to one ligand 
molecule (i.e. 4 molecules of biotin-HRP can be bound to 1 molecule of nitroavidin). Using 
equation 3.1, the maximum binding capacity or Rmax of nitroavidin for biotin-HRP was 12,000 
RU which corresponds to a surface protein concentration of 1,200 ng cm−2 or solution protein 
concentration of 52 µg mL−1. Thus, it was noted that the highest solution concentration of biotin-
HRP which would be used for the interaction analyses should not be higher than 52 µg mL−1. 
Table 3.1 Observed KA and KD values from the interaction analyses between biotin-myelin basic 
protein and immobilized nitroavidin. 
Regeneration of the nitroavidin-functionalized sensor chip was investigated by SPR, as 
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 After regenerating the nitroavidin−functionalized surfaces using the pH 10 buffers, three  
 
additional cycles for surface capture and release of biotin-MBP on nitroavidin−functionalized 
surface were performed with no ill effects noted. However, when solutions of pH 10 Na2CO3 
buffer were passed over avidin-functionalized sensor chips previously exposed to dilute solutions 
of biotin-MBP, the response was different, as noted in Figure 3.13. Injection of pH 10 Na2CO3 
buffers at t = 600 s was followed by a drop in response at t = 850 s, and at t = 1300 s instead of 










Figure 3.13 SPR sensogram for the regeneration of the ligand surface (avidin) after changing the 
pH of the system to basic conditions (Na2CO3 buffers, pH 10). The concentration of avidin used 
here is 50 µg mL−1, and 50 µg mL−1 for biotin-MBP. A is the association phase, while B is 
dissociation phase. C stands for the regeneration step. 
 
3.8 Conclusions 
 Nitroavidin was successfully prepared by chemical modification. SDS-PAGE and 
Western blotting qualitatively determined the presence of nitrotyrosine in nitroavidin, while mass 
spectrometry confirmed the presence of nitrotyrosine and showed the photoinduced chemical 
reactions of nitrotyrosine. Qualitatively, reversible binding of biotin analog solutions, HABA, to 




assessed the decrease and reversibility between nitroavidin and biotinylated proteins.With 
respect to biotin-nitroavidin interactions, to date, no work has dealt with probing the association 
and dissociation kinetics of these types of noncovalent interactions with SPR. This paper 
presents the first results from the studies of the kinetics of reversible binding of biotin to 
nitroavidin using surface plasmon resonance spectroscopy. 
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Immobilization and Surface Characterization of Nitroavidin on Planar PMMA Surfaces 
 
4.1 Introduction 
 Proteins are essential components of living systems, and the study of their interactions 
with other proteins or with surfaces is critical for basic biological research as well as for practical 
applications, such as tissue engineering and biosensors for proteomics and medicine.1 Thus, 
understanding the conformation, orientation, and specific activity of proteins bound to surfaces is 
crucial to the development and optimization of highly specific and sensitive biosensors.2 
 Avidin is a glycosylated and positively charged tetrameric protein, found as a minor 
component in the egg-white of birds, reptiles, and amphibian.3 On the other hand, biotin is a 
water-soluble vitamin (Vitamin H), generally classified as B-complex vitamin, playing an 
important biochemical role in living cells.4 Avidin binds up to four molecules of biotin, in a non-
covalent interaction which is extremely tight (KD ~ 10!15 M).3 Because of this strong interaction 
between avidin and biotin, avidin!biotin technology has been used in several biosensor 
applications; specifically, in the immobilization of avidin and neutravidin (non-glycosylated 
avidin) on glass/quartz,2,4-9 silica,10,11 metal,12-15 and polymer16-22 supports for binding different 
biotinylated moieties. Streptavidin, the avidin protein from Streptomyces avidinii,23 has also been 
used in several biosensor applications such as in nanostructured immunosensors;10 piezoelectric 
devices;12 disposable amperometric immunosensors;24 and polymer-coated nanowells.25 
Recently, avidin and streptavidin have also been attached to surfaces of different nanoparticles 
and magnetic particles for several applications which include GoldMag (Fe3O4/Au) for the 
detection of hepatitis B;26 silica nanoparticles for the detection of tumor necrosis factor-alpha 
(TNF-");27 quantum-dot (CdSe/ZnS) based electrochemical immunoassay for the detection of 
protein biomarker, interleukin-1" (IL-1");28 magnetic particles for the capillary 
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electrochromatography (CEC) chiral separation of ketoprofen.29  Avidin has also been 
immobilized on graphite-epoxy biocomposite (Av-GEB) for the immobilization of biotinylated 
oligonucleotides.30 
 Avidin and streptavidin can also be immobilized on different surfaces previously 
functionalized with biotin.31-37 This includes a streptavidin!biotin-based glass microarray 
platform for immunoassays;31 a novel photochemical methodology of protein immobilization 
based on photoactivable  photobiotin attached through avidin previously layered on biotinylated 
poly(pyrrole);32 biotin attached to three-dimensional (3D) structures;33 photobiotin on 
poly(dimethyl siloxane), PDMS, channels for protein and DNA immobilizations;34 biotin-
functionalized gold surfaces coated with PDMS for attaching multilayer 3D enzyme structures;35 
biotin-coated gold for the development of surface-based assays for transmembrane proteins;36 
and biotin on redox polymer, [Os(2,2’-bipyridine)2(polyvinylimidazole)10Cl]+/2+, for nucleic acid 
detection.37 
However, the chemically modified forms of avidin and streptavidin termed as nitroavidin 
and nitrostreptavidin, respectively, have only been shown to be successfully immobilized on 
separation columns (Sepharose 4B-CL) for the reversible binding of biotinylated proteins.38  
The aim of this work is the use of nitroavidin!functionalized PMMA (poly(methyl 
methacrylate)) for the capture and release of fluorescent-tagged biotin molecules. PMMA was 
used as a substrate for the covalent immobilization of nitroavidin in its carboxyl-functionalized 
form. The procedure started with UV-modification of planar PMMA surfaces to yield pendant 
COOH functionalities. This was followed by nitroavidin immobilization on to carboxyl-
functionalized planar PMMA surfaces using established peptide coupling chemistries. The same 
procedure was used to functionalize PMMA-coated gold slides. The presence of nitroavidin on 
planar PMMA surfaces was studied using fluorescence microscopy and X-ray photoelectron 
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spectroscopy. Ellipsometry and reflection-absorption infrared spectroscopy were used to study 
the presence of nitroavidin!functionalized PMMA on gold (Au) slides. 
4.2 PMMA as Substrates for BioMEMS Application 
 Poly(methyl methacrylate), PMMA, is a thermoplastic and transparent plastic sold by the 
trade names Plexiglas, Limacryl, R-Cast, Perspex, Plazcryl, Acrylex, Acrylite, Acrylplast, 
Altuglas, Polycast and Lucite; it is commonly called acrylic glass or simply acrylic.39 The 
material was developed in 1928 in various laboratories and was brought to market in 1933 by the 
Rohm and Haas company.39 Some of the physical properties of PMMA include: (a) density, 
1.888 g/cm3; (b) Tg, 104 – 106 °C; (c) thermal expansion coefficient, (2.0 – 3.0) x 10!4 K!1;     
(d) thermal conductivity, 0.193 Wm!1 K!1; (e) heat capacity, 1.255 – 1.720 kJ kg !1 K!1.40 
PMMA is well suited for use as a substrate for microfabricated devices because of its 
high dielectric constant, thermal conductivity that is comparable to silica, low cost, and ease of 
fabrication.41 Also, PMMA was chosen for these studies because of its favorable physiochemical 
properties such as good optical clarity, minimal reflection errors following hot embossing, high 
separation efficiency, good migration time reproducibility, and suitable wettability.42 Also, the 
choice of PMMA as a model polymeric substrate for bioMEMS application is based on its 
biocompatibility, its incorporation of a functional methyl ester group for potential modification, 
and its extensive applications to create MEMS.43 Another reason is that PMMA is reported to be 
the least hydrophobic of the more common plastic materials; enabling aqueous immobilization of 
biological materials.44 
4.3 Immobilization of Nitroavidin on Planar PMMA Surfaces 
 Pristine PMMA (Goodfellow) was purchased and used as received. The characterization 
of pristine PMMA purchased from Goodfellow has been discussed previously by our group and 










chemical structure of PMMA. The major functionality involved in chemical modifications of 
PMMA and in surface immobilization of biological materials onto PMMA surfaces is the methyl 
ester functionality (!COOCH3). Previous reports45-49 showed photochemical modification of 
PMMA (surfaces) using different wavelengths of UV light, such as 193 nm, 248 nm, and 308 
nm, yields several derivatives of PMMA surfaces. Specifically, the use of 254-nm45,46,47 light 







Figure 4.1 Chemical structure of poly(methyl methacrylate). 
 
Using 254-nm light (15 mW cm!2; DUV Exposure System, ABM Inc.), precut and 
cleaned PMMA samples were UV-irradiated for 20 min. Results from our group showed that the 
amount of surface carboxylic acids produced from UV-irradiation increases proportionately with 
increasing exposure time, and the concentration of surface carboxylic acids at 20 min is at 
maximum.46,47 Following UV irradiation, different concentrations of nitroavidin solutions were 
prepared for immobilization of nitroavidin on UV-modified PMMA surfaces. The 
immobilization process involves the use of 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide 
(EDC) and N-hydroxysuccinimide (NHS) in buffered media maintained at 4 °C overnight. A 
similar reaction can be performed at room temperature (~25 °C), although side reactions are 





















Figure 4.2 Schematic diagram for nitroavidin immobilization on carboxyl−functionalized 
PMMA using EDC/NHS peptide coupling chemistry. 
 
In Figure 4.2 is shown a scheme for the immobilization of nitroavidin on PMMA. After 
UV modification, the surface carboxylic acid groups were coupled to NHS in the presence of 
EDC to yield NHS-activated carboxylic acid surfaces. This was immediately followed by 
reaction of protein nucleophiles such as nitroavidin to form covalently attached nitroavidin on 
the PMMA.
51
 Carobodiimides are coupling promoters which have been widely use in peptide 
synthesis.
51 
The chemistry and mechanism of the amide formation by carbodiimide for 
bioconjugation in aqueous media has been discussed elsewhere,
50
 and proper procedures were 
adopted here to avoid any unwanted side reactions. After immobilization, the 
nitroavidin−functionalized PMMA samples were washed with cold pH 7.4 PBS buffer and were 
kept in tightly-sealed Petri dishes for further use. The presence of immobilized nitroavidin on 
planar PMMA was probed using ellipsometry, reflection-absorption infrared spectroscopy, 
fluorescence microscopy, and X-ray photoelectron spectroscopy. Fluorescence microscopy was 



























4.4 Ellipsometric Measurements of Immobilized Nitroavidin on PMMA-coated Au 
Slides  
 
 The crystal structure of avidin has been discussed elsewhere, and from the structure 
avidin has an approximate size of 56 x 50 x 40 Å3. Immobilization of avidin on metallic 
surfaces52-57 has resulted in tethered avidin on metallic surfaces that remains active. However, to 
date, the nitroavidin crystal structure has not been elucidated because of the difficulty of 
isolating it in its stable form.58 One possible effect of nitrating tyrosyl residues in proteins, such 
as avidin, is the covalent cross-linkage of the tyrosyl residues resulting in inter- and 
intramolecular association; however, this is dependent on other factors like protein 
concentrations and solvent conditions (i.e., pH).59 Also immobilization of nitroavidin on planar 
surfaces, specifically on polymer surfaces, has not yet been discussed thoroughly.  
To understand the immobilization of nitroavidin on planar PMMA surfaces, nitroavidin 
was covalently immobilized on carboxyl-modified, spin-coated PMMA on Au slides, and the 
resulting properties were evaluated with ellipsometry. Shown in Table 4.1 are the different 
ellipsometric measurements obtained for immobilized nitroavidin. The results are an average of 
six separate points measured on two samples. 
 From the ellipsometric data, the immobilized nitroavidin has a thickness of 
approximately 25 Å (2.5 nm). These results imply that nitroavidin molecules are covalently 
immobilized on planar PMMA surfaces differently compared to native avidin on other surfaces 
such metals and glass; although the possibility that it is non-specifically adsorbed on the surface 
may hold true. The ellipsometric measurements also suggest that nitration induced 
conformational changes to avidin rendering a different configuration on PMMA surfaces. It is 
impossible to make a conclusion at this time that the obtained values are acceptable since there 
are no previous reports about the crystal structure of nitroavidin.58 The measurements also could 
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not further explain: (a) if there is complete monolayer coverage of nitroavidin on surfaces, (b) 
exact orientation of nitroavidin on surfaces, and (c) if the nitroavidin molecules on surfaces have 
biotin-binding sites completely exposed or not. Additional work should be done to address these 
issues.  
Table 4.1 Ellipsometric film thickness of nitroavidin immobilized on PMMA-coated gold slides. 
 
Concentration of 
Nitroavidin, µg mL!1 
 















23.8 ± 2.0 
 
26.1 ± 2.4 
 




23.0 ± 1.7 
 
25.6 ± 1.6 
 
2.6 ± 0.25 
 
The carboxyl!modified PMMA surface may also have an important role on the 
orientation of nitroavidin on PMMA surfaces. UV photoactivation of PMMA surface results to 
formation of surface carboxylic acids, increasing the hyrodrophilic property of the polymer 
observed through contact angle measurements of water in PMMA.46 It was measured that the 
average contact angle for pristine PMMA surfaces using water as probe decreases from 80º ± 
2.7° (non-photoactivated) to  65.5° ± 4.5° (30-min UV exposure time). This result was similar to 
previously obtained trend for water contact angle measurements for both pristine and 
photoactivated PMMA surfaces.46 Subsequently, photoactivated PMMA surfaces possess more 
ionizable functional groups than their pristine counterparts,46 and this leads to an electrostatic 
interaction between ionized surface carboxylic acid moieties on PMMA surface and charged 
amino acids residue in nitroavidin. Theoretically, the surface carboxylic acid moieties on PMMA 
surfaces can be deprotonated under high pH conditions which can interact (electrostatic) with 
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positively charged nitroavidin. It was estimated that avidin has pI value of 9.47 using appropriate 
tool (http://expasy.org/cgi-bin/pi_tool). This value is in agreement with high number (~ 68 total 
positive charges) of estimated positively charged amino acids in avidin such as arginine and 
lysine (http://expasy.org/cgi-bin/protparam). Likewise, a pI value of 9.47 can also be expected in 
nitroavidin. This is valid because nitration of avidin takes place in tyrosine amino acid residue 
and not in charged amino acids such as arginine and lysine.38 Hence, the positively charged 
nitroavidin is capable of electrostatic interaction with negative charged PMMA surface. It is 
noted that further work is needed to categorically determine the degree ionizable group surface 
density on PMMA surface and its relation to amount of negative charge on the surface. 
In addition, the properties of substrate surfaces to orient immobilized proteins was also 
reported by several workers.60-62 Bull et al. reported the conformational changes of albumin 
adsorbed on glass,60 and similar works of Nyilas et al.61 and Lyklema et al.62 supported these 
findings. In general, protein adsorption on polymer or plastic surfaces tends to orient their 
hydrophobic region toward the adsorptive surface in an effort to achieve thermodynamic 
stability.63 Adsorption is controlled by a competition between protein molecules and solvent 
molecules at the surface to minimize the free energy.64-67 Because proteins consist of both polar 
and non-polar amino acids, it is advantageous to expose the non-polar amino acids to the 
substrate and the polar amino acids to the solvent.68 Shown in Figure 4.3 are the effects on 
soluble protein of immobilization on a solid phase.  
 In Figure 4.3, the hypothetical soluble protein with four collective functional groups 
expresses five different ways on attachment to surfaces: (A) covalent attachment resulting in loss 
of functional group; (B) immobilization by adsorption without conformational change but with 
two functional groups cryptic and non-functional; (C) adsorptive immobilization which proceeds 
through process of aggregation resulting in the steric hindrance of certain functional groups but 
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an increase in the local concentration of others; (D) adsorptive immobilization resulting in 
conformational change and loss of all but one functional group; (E) immobilization by 
adsorption in the presence of a stabilizing protein(s) which prevents the formation of secondary 
















Figure 4.3 The effects of a soluble protein immobilization on a solid phase. The purple bar 
represents solid support. Adapted from Ref. [63]. 
 
 In the case of nitroavidin, it is preconceived that the several aromatic residues,
69
 such as 
tryptophan-70, tryptophan-97, phenylalanine-72, and phenylalanine-79 in the “hydrophobic box”  
biotin-binding site may orient toward the carboxyl-functionalized PMMA surface. Similarly, the 
hydrophobic β-strands of nitroavidin may also orient toward the surface of PMMA. Shown in 
Figure 4.4 is a schematic depiction of the tetrameric avidin 3D-crystal structure
70
 attached on 
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 The most prominent band in Figure 4.5 is at 1663 cm!1 which corresponds to the #-sheets 
and #-turns71 of nitroavidin. This band constitutes also the Amide I ($(C=O)) from the peptide 
backbone (amino acids) of nitroavidin. The Amide II (!(N-H)) band of the peptide chain in 
nitroavidin can also be seen at 1542 cm!1. Also, prominent bands from PMMA are seen at 2959, 
2929, and 2850 cm!1 which corresponds to $a(CH3), $a(CH2), $s(CH2), respectively. A broad 
band at 3297 cm!1 can be attributed to $(N-H) amide band from the peptide chain of nitroavidin. 
A band was observed at 1262 cm!1 which corresponds to the $(C-N) of the amide peptide chain 
and $(C-O) of the carboxylic acid moieties in nitroavidin such as glutamic acid and aspartic acid. 
A shoulder peak was also noticed at 1732 cm!1 originating from $(C=O) of the ester and $(C=O) 
carboxylic acid groups of the underlying PMMA surface. There is also a peak at 1383 cm!1 
which can be assigned to the $s(N-O) of the nitro group of the nitrated tyrosine in nitroavidin. A 













Figure 4.5 Reflection-absorption infrared spectrum of immobilized nitroavidin on 
carboxyl!modified PMMA on Au at 25 ºC under nitrogen atmosphere. 
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2929 $a(CH2) PMMA 
 
2850 $s(CH2)PMMA 
1732 $(C=O)ester; PMMA 
 
$(C=O)carboxylic acid; PMMA 
1663 $(C=O)amide I; nitroavidin 
1542 !(N-H)amide II; nitroavidin 
1383 $s(N-O)nitroavidin 
1262 $(C-N)amide; nitroavidin 
$(C-O)carboxylic acid; nitroavidin 
 
4.5.2 X-ray Photoelectron Spectroscopy Studies of Nitroavidin!Modified PMMA 
 Surfaces 
 
 X-ray photoelectron spectroscopy (XPS), often referred to as electron spectroscopy for 
chemical analysis or ESCA, is a surface spectroscopy which is truly sensitive to the first ~100 Å 
of a surface.76 The top 25 % is the region where approximately 70% of the spectral information is 
obtained.76 This is a powerful technique for analyzing elemental compositions of surfaces and 
materials. 
 XPS has been used to study the adsorption and morphology of protein organization on the 
surface of several plastics.77-79 Recent applications of XPS include: characterization of proteins 
adsorbed on several poly(ester) surfaces for improving cell attachment;80 confirmation of 
amphiphilic phospholipid polymer, adsorbed on gold electrodes for immunosensing studies of 
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sequentially adsorbed polyelectrolyte films;84 chemical composition studies of poly(vinylidene 
fluoride), PVDF, membranes blended with amphiphilic hyperbranched-star polymer;85 surface 
characterization of adsorbed poly((3-(methacryloylamino)propyl)-dimethyl(3-
sulfopropy)ammonium hydroxide), poly(MPDSAH), on gold surface;86 studies in the inhibition 
of the adhesion of Staphylococcus epidermis 3399 on multi-component cross-linked 
poly(ethylene glycol)-based polymer coatings;87 characterization of pentafluorophenyl 
methacrylate, towards amines and proteins in solutions;88  and examination of graft copolymers 
comprising poly(pthalazinone ether sulfone ketone), PPESK, backbones and poly(ethylene 
glycol), PEG, side chains.89 In the area of microfluidic devices, XPS has been used to study a 
novel surface treatment method to enhance PMMA-based microchannel enzyme-linked 
immunosorbent assay (ELISA) for Escherichia coli O157:H7 detection;90 and in the 
characterization of poly(ethylene glycol) grafted on thermoset polyester (TPE) microdevices 
using in-channel atom-transfer radical polymerization.91  In our group, this technique has been 
used for the surface characterization of functionalized!PMMA surfaces45-47 and nanostructured 
PMMA surfaces.92 XPS was used to study immobilized nitroavidin (50 µg mL!1 solution) on 
carboxyl!modified PMMA surfaces. In Figure 4.6 is shown a representative X-ray photoelectron 
spectrum of a nitroavidin!functionalized PMMA surface. 
 The X-ray photoelectron survey spectrum of nitroavidin-functionalized PMMA exhibited 
two strong peaks – a peak at 285.0 eV and another at approximately 532.1 eV; these are the C 1s 
and the O 1s core level transitions, respectively. Another peak is found at approximately 400 eV 
(N 1s core level) that signifies the presence of nitrogen-containing molecules on the surface of 
PMMA. After deconvolution of this peak, three individual peaks were observed. The peak at 399 
eV is assigned to the N 1s core level of an amide,93 and at 397 eV is assigned to the N 1s core 
level of an amine93. Another peak is observed at approximately 406 eV which is assorted with 
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the N 1s core level of nitro functionality; the peak at this position signified nitrotyrosine present 










Figure 4.6 X-ray photoelectron spectrum of nitroavidin!functionalized PMMA surface showing 
bands at 285.0 eV, 532.1 eV and 400 eV indicative of the C 1s, O 1s, and N 1s core levels. 
 











Figure 4.7 X-ray photoelectron spectrum of pristine PMMA surface showing peaks at 285.0 eV, 
532.1 eV indicative of the C 1s, O 1s core levels. 
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 From Figure 4.7, two major peaks are observed –one at 285.0 eV and another at 532.1 eV 
!corresponding to C 1s and O 1s core levels, respectively. There was no peak observed at the 
400 eV (N 1s core level), indicative of the absence of any nitrogen-containing molecules 
(protein) on the surface.  
4.5.3  Fluorescence Microscopy Studies of Interaction of Nitroavidin!Modified PMMA 
 Sheets to a Fluorescently-tagged Biotin 
 
 Fluorescence microscopy was used to probe nitroavidin!modified PMMA surfaces. This 
technique has been extensively used in our group for the characterization of immobilized 
biological materials, such as proteins and antibodies, on PMMA surfaces and for material 
characterization of PMMA.45-47 To understand the interaction of nitroavidin-attached PMMA 
surfaces with solution-phase biotinylated protein, nitroavidin (solutions of 50 µg mL!1) was 
immobilized on a carboxyl-modified (Ni grid mesh patterned) PMMA surface using EDC/NHS 
coupling. Following this, the nitroavidin!functionalized PMMA surfaces were reacted with 100 
µL aliquots of 50 µg mL!1 biotin-4-fluorescein solutions. Excess biotin-FITC was washed with 
cold PBS buffer, pH 7.4. To eliminate fluorescence quenching from exposure to light, PMMA 
samples were kept tightly sealed in Petri dishes and were kept under dark room. After the 
reaction, the samples were analyzed using Leica Confocal Microscope, with 20X magnification 
was used to image the surfaces. The strong affinity of biotin-4-fluorescein molecules with 
nitroavidin should result in observation of excitation in the avidin areas of the PMMA surfaces 
upon fluorescence at &ab = 488 nm. In Figure 4.8 are shown the representative fluorescence 
micrographs of nitroavidin!modified PMMA surfaces before and after interaction with biotin-4-
fluorescein. The presence of the biotin-4-fluorescein in the avidin areas indicated that the biotin-
4-fluorescein interacted to the nitroavidin as expected. Using Leica Confocal Software, image 







± 14 a. u. (nitroavidin only) to 202 ± 14 a. u. (nitroavidin!biotin-4-fluorescein). Plots of the 








Figure 4.8 Fluorescence micrographs of nitroavidin on carboxyl!modified PMMA (A) before 
and (B) after interaction with biotin-4-fluorescein. 
 
 
Figure 4.9 3D fluorescence intensity plots (!em  = 520 nm) of nitroavidin on carboxyl!modified 
PMMA before (A) and after (B) interaction with biotin-4-fluorescein. 
 
 The observed fluorescence coming from nitroavidin!coated PMMA in Figure 4.9A 
possibly came from light scattering due to the polymeric nature of the substrate as observed from 
a previous report.94 It is important to note that the nitroavidin could also possibly result in some 




tryptophan, and tyrosine.95-98 Significant difference in fluorescence intensity as shown in Figs. 
4.8 and 4.9 clearly demonstrate that biotin-4-fluorescein was bound to nitroavidin!functionalized 
PMMA. 
4.6  Conclusions 
 
 This work shows that nitroavidin can be successfully immobilized on carboxyl!modified 
PMMA sheets using established peptide coupling chemistry. Initial screening using ellipsometry 
detected nitroavidin on PMMA surfaces (2.5 nm). Reflection-absorption infrared spectroscopy 
proved the presence of nitroavidin on PMMA based on known spectral features of proteins. X-
ray photoelectron spectroscopy confirmed the presence of immobilized nitroavidin (N 1s core 
level at approximately 406 eV). Fluorescence microscopy studies clearly demonstrate that 
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Chapter    5        
Functionalization and Surface Characterization of Nanostructured PMMA Surfaces for 
Solid-Phase Biological Reactions 
 
5.1 Introduction 
 In recent years, biological sensing works1-3 have proven that nanomaterial-based 
detection systems are sensitive, selective, and practical. Nanomaterials are attractive probe 
candidates in biodiagnostic assays because of their (a) small size (1 – 100 nm), (b) large surface-
to-volume ratio, (c) chemically tailorable physical properties, and (e) overall structural 
robustness.4  Nanotubes, nanocavities, nanowires, nanoposts or nanopillars, nanocones, 
nanospheres, molecularly imprinted polymers, nanoparachutes (conical monodendrons), and 
general nanoparticles with random structures are some of the nanostructures that have been 
fabricated for use in separation chemistry.5  Among these structures, molecularly imprinted 
polymers, nanospheres, and nanoposts or nanopillars have been used in separation techniques, 
primarily because of the spacing uniformity of these structures (decreased Eddy diffusion) and 
their robustness for repeated use.5 
 Nanopillar and nanotube arrays are among the most studied because of their potential 
applications in photonic crystals, data storage, sensors, microfluidic devices, bioreactors, 
biomolecular separations, and biomimetic surfaces.6-10 Formation of nanometer-scale structures 
can be achieved by sol-gel routes, self-assembly, lithography, and replication methods, to name a 
few.10, 11-17  
 The goal of this work is to functionalize and characterize PMMA nanostructures, such as 
nanopillars and nanotubes fabricated in our group,18 for the enrichment of low-abundant proteins. 
To show if these nanostructures provide high surface-to-volume ratios in comparison to planar 




UV-irradiation time were determined using specific surface labeling techniques such as Sulfo-
succinimidyl-4-O-(4,4’-dimethoxytrityl)-butyrate and thallium(I) ethoxide labeling 
methodologies.19 UV-visible spectroscopy and X-ray photoelectron spectroscopy were used to 
quantify the surface –COOH groups. Then, immobilization of proteins and enzymes onto the 
surface of the nanostructures was carried out and studied. In all experiments, planar PMMA was 
used as control. We recently reported improved oligonucleotide hybridization events and 
proteolytic reactions using these nanostructure-modified surfaces.20 
5.2 Fabrication of Nanostructured PMMA Surfaces 
5.2.1 Fabrication of PMMA Nanopillars 
 Template-assisted replication approaches are cost effective and allow for high-throughput 
fabrication of a variety of materials. In addition, template-assisted techniques possess the 
advantage of being able to readily create large-area, ordered nanostructures, and in some cases 
vertically-aligned structures having high aspect ratios.6,15,16,21 The template (Figure 5.1) used  for 
the fabrication of PMMA nanopillars and nanotubes was prepared via a two-step anodization 
process,22 and consisted of an Al substrate with anodic aluminum oxide (AAO) layer with 
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Figure 5.4 SEM images of representative free-standing, erect (A&B) 1-µm tall polymer 
nanopillar and (C, D&E) 60-µm tall nanotube ensembles: 175 nm is the PMMA nanopillar 
diameter (aspect ratio of 6), while 232 nm is PMMA nanotube diameter (aspect ratio of 259). 
Panel F is an SEM image of nanopillars with an aspect ratio of 343. 
5.3 Surface Characterization of Nanostructured PMMA Surfaces 
 Several works24-28 have shown that photochemical modification of PMMA surfaces using 
different UV light, such as 193 nm, 248 nm, and 308 nm, yields several derivatives of PMMA 
surfaces. The use of 254 nm was utilized for the photochemical modification of the methacrylate 























 Using 254 nm UV light (15 mW cm−2); precut and clean PMMA nanostructures were 
UV-irradiated for 0, 10, 20, and 30 min. The effects of UV-modification time on the surface 
topography of these PMMA nanostructures were determined using scanning electron microscopy 
and atomic force microscopy. Quantification of the chemical compositions of UV-modified 
PMMA nanostructures was established using X-ray photoelectron spectroscopy with thallium(I) 
ethoxide labeling, and UV-visible spectroscopy using Sulfo-succinimidyl-4-O-(4,4’-
dimethoxytrityl)-butyrate labeling. For all analyses, planar PMMA was used as a control. 
5.3.1    Scanning Electron Microscopy Studies of UV-modified PMMA Nanostructures 
Scanning electron microscopy studies were carried out using Cambridge Stereoscan 260 
scanning electron microscope (SEM). Before SEM examination, all samples were coated with 
Pd/Au using an Edwards S-150 sputter coater operating at 10−5 to 10−7 torr for 5 min. Upon 
introduction of the coated samples into the microscopic chamber, an e-beam accelerating voltage 
of 15 kV was used during examination of the surfaces, and fine adjustments and coarse 
adjustments were manipulated to achieve desired images at a medium to fast e-beam scan rate. 
Integrated multiple scans (256 scans integrated) were used to achieve effective noise reduction in 
images. The working distance was varied depending on the achieved resolution of the images, 
but the spot size was kept at an arbitrary 8 units while the aperture was kept at 20 – 30 µm 
diameter. The following are representative SEM images of UV-modified PMMA nanopillars and 
nanotubes (Figure 5.5). 
  From the SEM images in Figure 5.5 it is clear that increasing the UV exposure time 
produces “melted” regions of PMMA nanopillars and nanotubes; especially at 30-min UV 
exposure time. It is proposed that heat produced by UV light illumination of the surface results in 
melting of the nanostructures; this is also the case for the nanotubes. The UV-irradiation method 
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Shown in Figure 5.6 are the representative Tapping Mode scanning force micrographs of UV-














Figure 5.6 Tapping mode AFM images of planar PMMA (A), PMMA nanopillars (B), and 
PMMA nanotubes (C) at 20 min UV-irradiation. All images were obtained at 25 x 25 µm scan 
size and scan rate of 0.5 Hz.  
 
 From Figure 5.6, planar PMMA exhibited surface roughness (at 20 min; 66.4 ± 1.6 nm) 
indicative of ablation processes that took place on the surface.24 For nanopillars the ablation 
process resulted to certain melted regions; and produced “bundles” on the surface.  On the other 
hand, PMMA nanotubes showed decreasing surface roughness with increasing UV exposure 
time. This suggests that as the cantilever tip scans the surface of UV-modified nanotubes, the 
piezo tip senses big “bundles” on the surface compared to small individual “bundles” with 








pristine PMMA and PMMA nanostructures at different UV exposure time. This parameter was 
measured to assess surface topography of nanostructures as affected by UV light. 
Table 5.1 Summary of the surface roughness measurements obtained from pristine PMMA and 
nanostructures at different UV exposure time using 254 nm UV light (15 mW cm−2). Scan size is 










Pristine PMMA Nanopillar Nanotube 
0 11.3±0.2 142.7±24.1 472.8±101.9 
10 39.8 ±2.9 155.3±23.0 371.0±36.4 
20 66.4±1.6 299.3±53.0 346.8±107.1 
30 73.6±10.1 375.5 ±18.8 224.5±29.8 
 Collapsed nanostructures are clearly observable, as noted in Figure 5.7. Individual 
nanostructures that were heated clumped together or “bundle up”. The clumps of nanotubes are 
















Figure 5.7 Tapping-mode SFM image of PMMA nanotubes after 30 min UV modification.  The 
scan size is 2 x 2 µm at 0.5 Hz scan rate. 
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5.3.3 X-ray Photoelectron Spectroscopy Studies of UV-modified PMMA Nanostructures 
  
 X-ray photoelectron spectroscopy was used to quantitatively determine the changes in the 
surface chemical composition of both UV-modified planar PMMA and PMMA nanostructures. 
All samples were first equilibrated to standard vacuum pressure (≤10-8 psi) before analysis. The 
elemental compositions of both UV-modified planar PMMA and nanostructures were analyzed 
with an Axis 165 X-ray Photoelectron Spectrometer (Kratos Analytical) using a 
monochromatized Al Kα (1486.6 eV) X-ray source with a power of 150 W. Survey and high-
resolution spectra were obtained using pass energies of 160 eV and 20 eV, respectively. A 
summary of the XPS analyses for O 1s and C 1s elemental compositions is given in Table 5.2. 
The reported values are the average of three trials and the reported error is one standard 
deviation. 
Table 5.2 XPS quantification data (elemental composition) of carbon and oxygen, and the ratio 





 The results of the XPS analyses revealed chemical changes on the very top layer of both 
pristine PMMA and nanostructures. This chemical changes reflects conversion of the surface 
Average O1s/C1s Ratio 
UV Exposure 
time, min 


































































 a decrease 
ss of the –O
d in a previ
was 0.335 ±
 the other ha
 time of 20 
er UV irrad
for XPS su




































 from our gr
 to what wa




 5.2, it appe
res decreas
 up to 30-m
s true up to
ler than nan
s at this poin
r O1s/C1s r
ication of su














ars that the 












on on the U
C1s ratio fo














nd is the res
ssion of th
t the ratio o




40 ± 0.016 
 surfaces inc
e. This obse









MA at 25 
ult of a seri
is mechanis









































5.3.4 Thallium (I) Ethoxide Labeling of PMMA Nanostructures as Studied by X-ray 
 Photoelectron Spectroscopy 
 
 Following the results of XPS analyses for both planar PMMA and nanostructures as 
function of UV modification time, XPS was used to quantitatively determine surface carboxylic 
acids produced on PMMA after UV irradiation. For labeling surface carboxylic acids, thallium 




Figure 5.9 Photochemical labeling of PMMA surface carboxylic acids with thallium (I) ethoxide 
dissolved in absolute ethanol under Ar-filled glove box at 25 ºC. 
 As shown in Figure 5.9, Tl(OEt) is known to react specifically with carboxylic acids 
groups on the surface of PMMA nanostructure unlike the ester groups.19 Thallium (I) ethoxide 
labeling of polymer surfaces has been reported in literature19; and has been shown to be effective 
for semi-quantitatively labeling carboxylic acids on polymeric surfaces.19 The amount of Tl 
coupled to the polymer surfaces will indicate the amount of accessible carboxylic acid groups on 
the polymer surfaces. Ethanolic solutions of Tl(OEt) was allowed to fully cover both planar 
PMMA and nanostructures. After this step, both planar and nanostructured surfaces were washed 
with absolute ethanol and air-dried in an Ar-filled glove box. The results of Tl(OEt) labeling are 
given in Table 5.3. The Tl/O values were used to obtain values for accessible surface carboxylic 
acid surface densities on both planar PMMA and nanostructures. The result from Table 5.3 
shows that as UV modification is increased, the amount of accessible surface carboxylic acids on 
all PMMA samples varied. For planar PMMA, the amount of accessible surface carboxylic acids 
decreases with UV exposure time. However in the case of nanopillars and naotubes, the Tl4f/O1s 
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ratios are observed to be in agreement with the data in Table 5.2. The XPS results in Table 5.2 
point to the fact that both nanostructures have higher accessible surface carboxylic acid 
concentration as compared to planar PMMA, i.e. at 20-min UV exposure time nanopillars have 
62 times higher surface carboxylic acid concentration than planar PMMA. The XPS results also 
in Table 5.2 showed that the amount of carboxylic acids in photoactivated PMMA nanotubes is  
6 times higher than photoactivated planar PMMA. The low accessible surface carboxylic acid 
densities on photoactivated nanotubes than nanopillars can be explained in terms of influence of 
organic solvents on surface morphology of photoactivated nanotubes.  
Table 5.3 XPS quantification data of thallium and oxygen ratios in accordance to UV 
modification time on both pristine PMMA and nanostructure surfaces at 25 ºC. Values are the 







 It was observed from scanning electron micrographs of tetrahydrofuran- and isopropanol-
treated photoactivated nanotubes, that the nanotubes melts and “cluster” when placed in an 
organic solvent as shown in Figure 5.10. The melted and clustered nanotubes have less exposed 
surface caroboxylic acid sites for thallium(I) ethoxide labeling; henceforth, would yield low 
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Figure 5.10 SEM micrographs of non-UV modified nanotubes treated for 19 h with (A) 
tetrahydrofuran and (B) isopropanol at 25 ºC. 
5.3.5 Sulfo-SDTB Labeling of PMMA Nanostructures and UV-Visible Spectroscopy 
 Studies 
 Another labeling technique used to determine the density of surface carboxylic acids on 
both planar PMMA and nanostructures is labeling with sulfo-SDTB, sulfosuccinimidyl-4-O-4-
(4,4’dimethoxytrityl) butyrate, under pH 8.5 carbonate buffer solutions. The aqueous labeling 
process is outlined in Figure 5.11. After the labeling process, all samples were sonicated and the 
absorbance of the solution was read at λ = 498 nm using a UV-visible spectrophotometer. The 
results of the sulfo-SDTB labeling of various PMMA samples are given in Table 5.4. All 
samples are average of four trials. Sulfo-SDTB labeling of surface carboxylic acids on both 
planar PMMA and nanostructures resulted in observation of increased surface carboxylic acids 
densities with increasing UV-modification time; a similar trend was observed from the Tl(OEt) 
labeling studies, Table 5.3. The data also supports the conclusion that nanopillars have higher 
accessible surface area and consequently higher accessible surface –COOH densities compared 
to nanotubes and planar PMMA: at 30 min UV-modification time, nanopillars have 20 times 





















Figure 5.11 Labeling of surface carboxylic acids using sulfo-SDTB (sulfosuccinimidyl-4-O-4-
(4,4’dimethoxytrityl) butyrate) under pH 8.0 buffer at 25 ºC. The absorbance of the trityl cation 
is read at 498 nm.  Adapted from Ref. [24]. 
 
Table 5.4 Surface carboxylic acid derivatives on both planar PMMA and nanostructures as a 
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time, min 



































5.4 Immobilization of Biological Molecules on PMMA Nanostructures 
 Following the results of surface labeling techniques, the nanostructured−PMMA surfaces 
were functionalized with proteins, enzymes, and protein-nanosphere conjugates.  The 
immobilization process involves the use of 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide 
(EDC) and N-hydroxysuccinimide (NHS) in phosphate-buffered media maintained at 4 °C 
overnight. Aliquots of dilute solutions of nitroavidin, trypsin, and streptavidin-coated polymeric 
nanospheres were spotted on nanostructured−PMMA surfaces and were probed using 
fluorescence microscopy, X-ray photoelectron spectroscopy, and scanning electron microscopy. 
All samples were kept inside tightly-sealed Petri dishes at 4 ºC when not in use. 
5.4.1 Scanning Electron Microscopy Studies of Interaction of UV-modified PMMA 
 Nanostructures with Protein-tagged Nanospheres  
 
Scanning electron microscopy (SEM) has been designed in the studies of biological 
specimens and mineral structures of micrometer scale. Recently, advanced scanning electron 
microscopes have been used in characterizing polymers and cellular structures in nanometer 
range.31-68 To demonstrate that nanostructured−PMMA surfaces have higher surface carboxylic 
acid density for protein immobilization, streptavidin-coated polymeric nanospheres (8.2 x 1012 
nanospheres mL−1) were immobilized on UV-modified nanostructured−PMMA surfaces using 
EDC/NHS coupling in pH 7.4 PBS buffer. Before SEM examination, all samples were coated 
with Pd/Au using an Edwards S-150 sputter coater as described in section 5.3.1. SEM 
micrographs of streptavidin-coated nanospheres bound to UV-modified PMMA nanopillars and 
nanotubes are shown in Figure 5.12. The streptavidin-coated polymeric nanosphere is 130 nm in 
diameter (nominal). Planar PMMA was used as control (Figure 5.12 (E)). 
 SEM micrographs in Figure  5.12 show PMMA nanopillars of 1 µm height, 200 nm 




   
(A)  (B) (C) 
(D)  (E) (F) 
of 250 nm, and tube thickness of 35 nm. The SEM images in Figure 5.12 also demonstrate that 
more streptavidin-coated nanospheres are immobilized to UV-modified PMMA nanostructures 














Figure 5.12 SEM micrographs of UV-modified PMMA nanopillars before (A) and after (B & C)  
interaction with streptavidin-coated nanospheres; UV-modified PMMA nanotubes before (D) 
and after (E) interaction with streptavidin-coated nanospheres. Black arrows in (B) point to 
nanopillars, while in (E) point to streptavidin-coated nanospheres. SEM micrograph F is UV-
modified pristine PMMA after interaction with streptavidin-coated nanospheres. 
 
 Also, the interaction process shows difference in the way the nanospheres are 
immobilized to nanostructures; nanospheres are immobilized at the base (Figure 5.12 B) as well 
as at sides (Figure 5.12 C) of nanopillars, while nanospheres appear to be immobilized only at 
the tip of nanotubes; pointing to a possible accessibility issue. The SEM experiments supported 
the observation that after UV-modification, nanotubes tend to stick or “bundle” together limiting 
access to sides of nanotubes for immobilization as opposed to nanopillars; similar with 
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observations from Tl(OEt) and sulfo-SDTB labeling experiments that nanopillars have higher 
surface carboxylic acid densities than nanotubes.  
 The SEM experiments show that after nanotubes are exposed to aqueous environments, 
the tube thickness increase (Figure 5.13) unlike nanotubes in organic solutions where tube 
openings shrink (Figure 5.10 B). The environmental scanning electron (ESEM) micrograph 
image in Figure 5.13 shows wider tube openings (qualitatively) as compared to nanotubes in 
vacuum which explains why immobilized 130 nm-nanospheres were immobilized at the tip of 
nanotubes (Figure 5.12 E). 
 Also, the SEM experiments show that rinsing aqueous solutions of streptavidin-coated 
nanospheres resulted to partial collapse of PMMA nanopillars (Figure 5.12 C). This partial 
collapsed of nanopillars is due to effect of solvents acting on the nanopillars during the 







Figure 5.13 ESEM micrograph of PMMA nanotubes of height ≤60 µm, outside diameter of 250 
nm, and tube thickness of 35 nm imaged at 80% relative humidity and 4 ºC. 
 
5.4.2 X-ray Photoelectron Spectroscopy Studies of Functionalized PMMA Nanostructures 
  
 To determine the presence of immobilized enzyme and protein materials on PMMA 
nanopillars and nanotubes, functionalized nanostructures were examined using X-ray 
photoelectron spectroscopy (XPS). The immobilization process uses EDC/NHS coupling in 
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phosphate buffered solutions, pH 7.4; and the same XPS protocol used for functionalized pristine 
PMMA was used for the analysis of functionalized nanostructured−PMMA surfaces. All samples 





















Figure 5.14 X-ray photoelectron spectra showing successful immobilization of (A) nitroavidin to 
PMMA nanotubes, (B) protein-microbeads to PMMA nanopillars, and (C & D) trypsin to 
PMMA nanotubes. 
  
 XPS spectra in Figure 5.14 show successful immobilization of nitroavidin, trypsin, and 
protein-microbeads to PMMA nanostructures. The X-ray photoelectron survey spectra showed 
strong peaks at 285.0 eV and at approximately 532.1 eV, these are the C 1s and the O 1s core 
levels, respectively. Another peak is at approximately 400 eV (N 1s core level) that signified the 
presence of nitrogen-containing molecules on the surface of PMMA.24,25 The peak at this 
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position signified the presence of nitroavidin, trypsin, and protein-microbeads immobilized to 
PMMA nanostructures. 
5.4.3  Fluorescence Microscopy Studies of UV-modified PMMA Nanostructures Using 
 Fluorescently-tagged−Amine-labeled Nanospheres 
 
 Fluorescence microscopy was used to probe interaction of UV-modified PMMA 
nanostructures with 4,6-diamidino-2-phenylindole-labeled−amine-modified nanospheres 
(DAPI−NH2 nanospheres). To understand the interaction, DAPI−NH2 nanospheres (50 µg mL−1) 
were immobilized on a carboxyl-modified Ni grid mesh-patterned−nanostructured-PMMA 
surfaces using EDC/NHS coupling. Excess solutions of DAPI−NH2 nanospheres were washed 
with cold PBS buffer, pH 7.4, and were removed by blotting with a Kim Wipe. To eliminate 
fluorescence bleaching from exposure to light, functionalized-PMMA samples were kept tightly 
sealed in Petri dishes and were kept in the dark. The strong affinity of DAPI−NH2 nanospheres 
toward carboxyl−modified PMMA nanostructure should result in fluorescence emission at λ = 
461 nm upon excitation at 350 nm. After the reaction, the samples were analyzed using a Leica 
Confocal Microscope, with 20X magnification to image the surfaces. In Figure 5.8 is shown a 
representative fluorescence micrograph of functionalized PMMA nanostructure before and after 
labeling with DAPI−NH2 nanospheres.  
 In Figure 5.15 is shown successful patterning of the PMMA nanopillar surface with 
DAPI−NH2 nanospheres. The intense blue fluorescence from the nanostructured-surface is 
caused by fluorescence emission of DAPI at λ = 461 nm from the nanospheres attached to 
PMMA nanopillar. The micrograph also shows Ni grid mesh-patterned−nanostructure region 
where there is less DAPI−NH2 immobilized. This observation is due to uneven distribution of 
nanopillar on the PMMA surface caused by mechanical procedures involved in the fabrication 
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Chapter    6        
Surface Capture and Release of Biotin-Proteins Inside Nitroavidin−Functionalized 




 Biotechnology deals with the manipulation of biological targets;
1
 in many cases, the 
ultimate goal is to determine quantitatively and qualitatively a single target, e.g. a single DNA 
strand or a single cell. To do so, different methods have been developed successively to allow for 
more selective and sensitive analysis.
1
 In Figure 6.1 is a schematic of the different methods 
available for micromanipulation of biological targets ranging from the least selective to the most 













Figure 6.1 Scheme for micromanipulation of biological targets. Adapted from Ref. [1]. 
 
 The success of a selective and precise targeting of specific analytes in any bioMEMS 
device lies in efficient and reproducible biorecognition methodologies. The concept of 
biorecognition started from Fisher’s mechanism of key and lock in 1892.
2




on binding of a macromolecule to a specific complementary molecule due to a sufficient 
interaction force.
2
 Biologist also refer to this interaction process or force as affinity for antibody-
antigen interaction type. Recently, Katz et al.
3
 applied this mechanism to establish a 
biocomputing security system wherein color output (product) was achieved only after a sequence 
of three enzymes (i.e. invertase, glucose oxidase, and peroxidase) was added to the solution in 
the correct order (as stated above).   
 At this point, it is essential to point out that detection is an important part in 
biorecognition, and with the development and continuous improvement of different detection 




 or use of complementary metal oxide 
semiconductors (CMOS),
6 
detection of target analytes has been improved a thousand fold. 
Recently, Verkhusha et al.
4 
demonstrated the use of rational design based on the theory of red 
chromophore formation and application of directed molecular evolution to derive a red 
fluorescent protein from Aequorea victoria green fluorescent protein (GFP). Their group showed 
the use of the dual-color protein for cell sorting by differentiating between cells tagged with a 
green, red, and red-green fluorescent protein.
7
 On the other hand, Giorgio et al.
5
 devised 
conjugated quantum dots that self-assemble and agglomerate on the target protein, supplying a 
bright fluorescent tag that can be detected easily and quickly, and the quantum dots allowed for 
detection of subpicomolar protein concentrations. The quantum dot technique also requires a 
single-step reaction, a characteristic that might allow it to be implemented on a microfluidic 
device for automated molecular diagnostics.
7
 Furthermore, synthesis and optical characterization 
of rare earth nanocyrstals such as Er
3+
:Y2O3 exhibited sharp line emission bands, long 
fluorescence life times, high quantum yield, and excellent photostability, which made these 
nanocrystals a better detection and imaging tool than organic dyes.
8 
Furthermore, developments 








 and single−molecule detection spectroscopy,
13
 have also increased 
sensitivity of detection.
 
 The goal of this work is to fabricate polymer-based microfluidic device for the detection 
and quantitation of biotinylated proteins in solution. To achieve this goal, poly(methyl 
methacrylate), PMMA, microfludic channels were fabricated, photoactivated, and functionalized 
with nitroavidin previously prepared and characterized. This step was followed by infusing the 
functionalized PMMA microchannels with solutions of biotinylated−horse radish peroxidase 
(biotin-HRP), at a constant volumetric flow rate using pressure-driven flow. The captured biotin-
HRP on the surface of nitroavidin-functionalized−PMMA microchannel was released from the 
surface using pH 10 carbonate buffers, and was quantified using a standard protein assay. 
PMMA microfluidic devices containing microposts were also used to detect and quantify 
biotinylated proteins in solution using established protocols used for PMMA microchannels. 
6.2  Immobilization of Analytes Inside BioMEMS Devices 
 Immobilization or chemical adsorption of target analytes inside bioMEMS is an example 
of heterogeneous biochemical reaction, a reaction wherein a ligand is immobilized on the solid 
walls, and the targets (also called analytes or reactants) are in solution.
14
 This type of reaction is 
widely used in microsystems because: (a) they appear to be more convenient than homogeneous 
reactions (e.g., the ligand at the wall can be reused after washing the reaction chamber); (b) it is 
easier to proceed in two steps: (i) immobilization of the ligands on a “reaction” surface at the 
wall, and (ii) introduction of the analytes by a carrier fluid; and (c) it is convenient to detect the 
bound couples (targets-ligands) when they are immobilized on a wall surface.
15
 Successful 
immobilization of target analytes inside microsystems depends on two factors: (a) transport of 








 Transport of small biochemical particles inside any given microchamber is governed by 
the advection-diffusion equation which is 
 
 
where D is the diffusion coefficient of the biochemical species of concentration c, is the flow 




  On the other hand, adsorption of target analytes dissolved in buffer fluid is governed by 
the Lagmuir-Hinshelwood mechanism, as outlined in Figure 6.2.
17
 There are three components in 
this mechanism: first, the target or analyte in buffer fluid [S]; the surface concentration of ligands 













Figure 6.2 Schematic view of adsorption of analytes on a surface with immobilized ligands or 
capture sites. Adapted from Ref. [17]. 
 
 The immobilization is weakly reversible, and the reaction rate is different from the usual 
chemical rates, mainly because immobilization of target analytes depends not only on the volume 
of concentration at the wall, but also on the available sites for adsorption.
18
 Thus the net 





where Γ0 is the surface concentration of available reactive sites, Γt is the concentration of 
immobilized analytes, kon and koffare adsorption and dissociation rates, at the wall, and cw is the 
concentration of analyte at the wall. At long time values, the surface concentration approaches an 
asymptotic value defined by 
 
The above equation implies that there is a limit for the number of target analytes that can be 
bound on the active sites, Γt, c0 is the initial concentration, and Γ∞ is the surface concentration at 
saturation level.
17 
 Another factor which affects the immobilization of target analytes by surface ligands is 
diffusion of analyte molecules toward the surface where the reaction occurs.
19
 For example if the 
diffusion of nitroavidin molecules is fast, the flux of these molecules at the PMMA surface 
should be such that there is no delay in the reaction, and the process should be limited by the 
adsorption reaction rate (kon).
19
 However, if the diffusion of nitroavidin is slow due to either 
molecular size or longer diffusion paths, there would be depletion of nitroavidin near the reacting 





 had reported these two situations for kinetics rate limited reaction 
and diffusional flux. 
6.3  Qualitative Studies of Nitroavidin−Biotin-Protein Interactions Inside Functionalized 
 PMMA Microchannels (µ-channels) Using Fluorescence Microscopy Studies 
 
6.3.1  Fabrication of PMMA µ-channels 
 
 Poly(methyl methacrylate) sheets, Plexiglass or Lucite, were purchased from Goodfellow 




long, 50-μm wide and 50-μm tall were fabricated using previously reported procedure.
25
 Briefly, 
a metal molding die which consists of raised microstructures electroplated from Ni on a stainless 
steel base plate was made using the X-ray LIGA technique.
25,26
 PMMA microstructures were 
embossed in a system that consisted of a PHI Precision Press (model number TS-21-H-C (4A)-5; 
City of Industry), in which a vacuum chamber was installed to produce low pressure (<0.1 bar) 
for complete filing of the Ni molding die. During embossing, the molding die was heated to 150 
°C and pressed into the sheet PMMA at 1000 lb for 4 min. The PMMA part was then cooled to 
85 °C for demolding. The embossed PMMA substrate (0.5-cm thick) was annealed to a piece of 
PMMA cover plate (0.05-cm thick) to enclose the microfluidic channel, which was achieved by 
clamping both parts with glass plates and heating in a convection oven at 100 °C for 20 min.  
6.3.2  UV Modification of PMMA µ-channels 
 UV modification of the PMMA µ-channels was done by exposing the entire channel to 
254 nm UV light source (15 mW cm
−2
, DUV Exposure System, ABM, Inc.) for 10 min, followed 
by rinsing with 18 M  cm water, and finally drying under a stream of high-purity N2. The 
PMMA cover sheets were cleaned and UV irradiated in a similar manner as Chapters 4 & 5, and 
were then annealed at 98 °C for 15 min in the oven as described above. The PMMA microfluidic 
device formed by this process consists of cross-flow channels with a separation length of 4 cm, a 
channel depth of 50 μm, and channel width of 50 μm. 
6.3.3 Fluorescence Microscopy Studies of Interaction of Nitroavidin−Modified PMMA  
            µ-channels to Fluorescently-tagged Biotin-Microspheres 
 
 Fluorescence microscopy was used to probe nitroavidin−modified PMMA open channels. 
To understand the interaction of the prepared nitroavidin-attached PMMA surface to a 
biotinylated protein, nitroavidin (100 µL solutions of 50 μg mL
−1
) was immobilized on a 




infused manually. Following this, the nitroavidin−functionalized PMMA surface was reacted 




 biotin-labeled−fluorescently-tagged microspheres 
(biotin-fluorospheres, 1-µm size, Molecular Probes) by pumping the aliquots manually. Excess 
biotin-fluorospheres were washed with cold PBS buffer, pH 7.4. To eliminate fluorescence 
quenching from exposure to light, PMMA samples were kept tightly sealed in Petri dishes and 
were kept under dark room condition. The strong affinity of biotin-fluorosphere molecules 
toward surface-bound nitroavidin should result in fluorescence emission at λ = 520 nm upon 
excitation to a microscope. After the reaction, the samples were analyzed using a Leica Confocal 
Microscope (20X magnification). In Figure 6.3 are representative fluorescence micrographs of 














Figure 6.3 Representative fluorescence micrographs of biotin-fluorosphere interaction on 
unreacted (A) and nitroavidin−functionalized PMMA enclosed µ-channels. The µ-channels in 
both micrographs have length of 4 cm, a channel depth of 50 μm, and channel width of 50 μm, 









 From Figure 6.3 it is clear that nitroavidin−functionalized PMMA µ-channels bind 
biotin-fluorospheres significantly more efficient than PMMA µ-channels, though it can be seen 
from inspection of images unreacted PMMA µ-channels some biotin-fluorospheres 
nonspecifically adsorbed; it is thought that this occurs as a result of brought by hydrophobic 
interactions between the PMMA walls and the polystyrene microbeads. 
6.4 Surface Capture and Release of Biotin-Proteins Inside Nitroavidin−Functionalized 
 PMMA µ-channel by Changing pH 
  
6.4.1 Immobilization of Nitroavidin Solutions Inside Carboxyl−Modified PMMA  
 µ-channels 
 
 To demonstrate ability to capture and release of biotin-proteins using carboxyl−modified 
PMMA µ-channel, 100 µL aliquots nitroavidin (solutions of 50 μg mL
−1
) was immobilized on a 
carboxyl−modified PMMA µ-channel using EDC/NHS coupling hydrodynamically kept at a 
constant flow rate of 0.417 µL min
−1
. The nitroavidin solutions were delivered through BSA-
coated capillary tubing glued on both end of the channel bed. Excess nitroavidin solutions were 
washed with chilled pH 7.4 phosphate buffer solutions. Also, the immobilization process was 
kept at 25 ºC for 4 h to minimize any possible side reactions. 
6.4.2  Interaction of Biotin-Proteins with Nitroavidin−Functionalized PMMA µ-channels 
 The nitroavidin−functionalized PMMA µ-channel above was reacted with 100 µL 
aliquots of 50 µg mL
−1
 biotinylated−horse radish peroxidase (biotin−HRP) solutions (total 124 
pmol loaded) be hydrodynamic infusion at a constant rate of 2.5 µL min
−1
 through the µ-channel. 
6.4.3  Buffer-mediated Release of Biotin-Proteins Bound on Nitroavidin−Functionalized 
 PMMA µ-channels 
 
 The bound biotin-HRP from above was eluted using pH 10 carbonate buffers and 
collected into clean 200 µL PCR microtubes mounted at the capillary outlet. Approximately 100 





washed with pH 7.2 phosphate buffer solutions using conditions above. This step was performed 
with four replicates (n = 4). 
6.4.4 Quantification of Released Biotin-Proteins Captured on Nitroavidin−Functionalized 
 PMMA µ-channels 
 
  To determine the amount of bound biotin-HRP released using pH 10 carbonate buffers 
from above, standard protein quantitation was performed using a MicroBCA protein assay kit.
27
 
Briefly, collected and cold ~100 µL biotin-HRP solutions from above were combined with equal 
volumes of working reagent (25 parts of Micro BCA Reagent + 24 parts of Reagent MB + 1 part 
of Reagent MC) in a separate and clean microcentrifuge tube and were vortex mixed. After this 
step, the microcentrifuge tubes were incubated at 60 °C in a water bath for 1 h. After cooling the 
microcentrifuge tubes to ~25 °C, the absorbance was read at 562 nm using a UV-Vis 
spectrophotometer. Two reactions were observed from this assay: (a) reduction of cupric ions 
(Cu
2+
) in solution by biotin-HRP under alkaline condition producing cuprous ions (Cu
+
) (Figure 
6.3); and (b) complexation of Cu
+ 
with bicinchoninic acid (BCA) giving an intense purple color 
(Figure 6.4). Standards using bovine serum albumin (BSA) solutions were also established 
before the biotin-HRP runs. 
 In Table 6.1 is a representative BSA standard obtained using MicroBSA assay, while in 
Table 6.2 is the summary of results of several assays for biotin-HRP captured on 










in solution by biotin-HRP under alkaline condition. 







Figure 6.5 Detection of Cu
+
 in solution using bicinchoninic acid (BCA) forming water-soluble 
purple BCA-Cu
+
 complex read at λ = 562 nm. Adapted from Ref. [27]. 
 
Table 6.1 Representative absorbance measurements of prepared bovine serum albumin standards 
using MicroBCA protein assay. Absorbance was read at λ = 562 nm. r = 0.9980.  
 












Table 6.2 Summary of the results for biotin-HRP captured on nitroavidin−functionalized PMMA 
µ-channels (n = 4 repetitions). Absorbance measurements were obtained at λ = 562 nm. 
 
Amount of biotin-HRP loaded, 
pmol 
Amount of biotin-HRP 
captured on nitroavidin 
surface, pmol 




27 ± 5 22 ± 4 
30 ± 4 24 ± 3 




 From Table 6.2, an average amount of 29 ± 2 pmol biotin-HRP was captured on 
nitroavidin−functionalized 0.08-cm
2




where N is the amount of biotin-HRP captured in pmol, Nloaded is the amount of biotin-HRP 
loaded inside the nitroavidin−functionalized µ-channel in pmol, C is the concentration of biotin-
HRP in µg mL
−1 
assayed from solutions collected after loading biotin-HRP and read at λ = 562 
nm, and Veluate is the volume of biotin-HRP collected after loading biotin-HRP. Subsequently, 
percent capture efficiency was calculated using equation 6.5, 
 
The above equation was applied because it was noted that when bound biotin-HRP was released 
using pH 10 carbonate buffers, negligible amounts to zero amounts of bound biotin-HRP was 
observed. This observation suggested that very small amount of biotin-HRP was bound on the 
nitroavidin surface and below the limit of detection by the protein assay method. For direct 
assays, the limit of detection is primarily a function of the signal-to-noise ratio, and is set in 
relation to statistical variations in response values for blanks.
27
 A commonly used value for 
detection limit is 3 x SD, where SD is the standard deviation of replicate measurements on 
blanks.
27
 From data in Table 6.1, detection limit is 0.063 µg mL
−1
. Assuming a complete surface 
bound and released of biotin-HRP on nitroavidin−functionalized open channel using pH 10 
carbonate buffers, it was estimated that 0.67 pmol or 0.27 µg mL
−1
 biotin-HRP eluates would 
give absorbance reading using MicroBCA assay. This value is below calculated (0.063 µg mL
−1
) 




released from the nitroavidin surface using pH 10 carbonate buffers. Hence, equation 6.4 was 
used as an indirect method determining amount of bound biotin-HRP.  
 Another factor that could affect the capture efficiency of nitroavidin−functionalized 
channel is the amount of surface carboxylic acids on the photoactivated PMMA surface where 
nitroavidin was immobilized. At this point, the amount of surface carboxylic acids present in the 
PMMA µ-channel after UV-irradiation of the surface was calculated to be 69 pmol using the 
equation below, 
 




 is the amount of surface carboxylic acids formed on PMMA surface 
after UV-irradiation at 20 min exposure time,
28
 and A is the area of the µ-channel used above 
which is to 0.08 cm
−2
 using the following relationship 
 
 Although there is an estimated amount of 69 pmol of surface −COOH on PMMA after 
UV-irradiation, it should not be taken that same amount of nitroavidin molecules would be 
expected to be immobilized or “seated” on the photoactivated surface. A molecule of nitroavidin 
would occupy multiple –COOH sites on the surface; therefore, the molecular size of nitroavidin 
is another factor to be considered. Bolognesi and coworkers
29
 successfully obtained the crystal 
structure for native avidin, yielding a 5 nm diameter. The corresponding area of native avidin of 







corresponds to roughly 0.67 pmol of total nitroavidin that can occupy the µ-channel or maximum 




. Unfortunately, nitroavidin crystal structure is difficult 
to obtain;
30
 thus it will be difficult to empirically determine the amount of nitroavidin that can 




expected on the surface since from ellipsometric measurements 2.6 nm thick nitroavidin were 
observed immobilized on PMMA surface which suggests several possible orientations of 
attachment for nitroavidin.   
 For the succeeding work, equation 6.4 was used to determine the amount of biotin-HRP 
captured on PMMA surface containing microposts. 
6.5  Surface Capture and Release of Biotin-Proteins Inside Nitroavidin−Functionalized 
 PMMA Microposts (µ-posts) by Changing pH 
 
 Purification of target analytes such as DNA had been shown to be higher using fabricated 
microstructures inside microchips.
31-35
 Examples of these works include: (a) a microchip-based 
purification for DNA using silica beads packed into glass microchips and immobilized within a 
sol-gel,
31
 and (b) silicon-based microfluidics containing pillars within microchannel for 
extraction of DNA.
32
 Recently, Xu and coworkers
36
 demonstrated the purification of Sanger 
cycle sequencing fragments using a polymer microfluidic device containing an array of posts. 
This work was confirmed by Witek et al.
36
 when they used photoactivated polycarbonate 
microfluidic chips for the solid-phase reversible immobilization (SPRI) and purification of 
genomic DNA from whole-cell lysates. Their work showed recovery of DNA estimated to be 85 
± 5% for cell suspension concentrations below 0.02 mg mL
−1
. 
 To achieve higher capture efficiency for biotin-HRP, PMMA µ-channels containing 
microposts were used. These PMMA µ-post−containing channels were functionalized with 
prepared nitroavidin solutions and subsequently loaded with biotin-HRP using the conditions 
above. Bound biotin-HRP molecules were estimated using the indirect method (equation 6.5) 
from the previous section. 
6.5.1 Fabrication of PMMA µ-posts 









 Briefly, the procedure involved fabrication of a metal 
molding die by LiGA. The die consisted of raised Ni microstructures electroplated onto a 
stainless steel base plate. Replicates of the molding die were hot-embossed into 133 mm 
diameter precut PMMA wafers, using the same procedure for fabrication of PMMA open 
channel.  After this step, the PMMA chips were cleaned using conditions for PMMA open 
channel. Separate PMMA cover sheets were also cut and cleaned as mentioned above. In Figure 












Figure 6.6 Transmission optical image of embossed-PMMA µ-posts used for biotin-HRP 
capture on nitroavidin-functionalized µ-posts. The µ-posts have dimensions of 25 µm height, 50 
µm diameter, and 40 µm spacing. The length of the channel is 1.3 cm, and the total number of µ-
posts in the channel is ~1960. 
 
6.5.2 UV Modification of PMMA µ-posts 
 The PMMA µ-posts from above were cleaned and UV irradiated using section 6.3.2 
protocols used for the fabrication of photoactivated, open PMMA µ-channels. Likewise, the 
PMMA cover sheets were also UV irradiated. The photoactivated PMMA µ-posts and cover 
sheets were annealed using same procedure for annealing PMMA µ-channel. Similarly, BSA-
coated capillary tubings were glued onto the 100 µm holes at both ends of the 2-cm channel bed. 
6.5.3  Immobilization of Nitroavidin Solutions Inside Carboxyl−Modified PMMA µ-posts 
 To achieve capture of biotin-proteins on nitroavidin−functionalized PMMA µ-posts, 
freshly prepared 100 µL aliquots of prepared 50 µg mL
−1




hydrodynamically inside the posted-surface using protocols for immobilization of nitroavidin 
solutions on PMMA µ-channel. Excess nitroavidin solutions were washed with chilled pH 7.4 
phosphate buffer solutions. 
6.5.4    Interaction of Biotin-Proteins with Nitroavidin−Functionalized PMMA µ-posts 
 To demonstrate ability of functionalized-PMMA µ-posts for interaction with biotin-
proteins, 100 µL aliquots of different biotin-HRP solutions were passed over 
nitroavidin−functionalized PMMA µ-posts at a constant flow rate of 2.5 µL min
−1
. The same 
posted channel was used for all capture processes, unless the microfluidic device needed to be 
replaced due to leak. Also for each concentration of biotin-HRP tested, four trials were 
performed.  Low concentrations of biotin-HRP were studied (2 µg mL
−1
 or 5 pmol mL
−1
) first, 
and the most concentrated solution of biotin-HRP (403 µg mL
−1
 or 1000 pmol mL
−1
) was studied 
last. All eluates were collected into clean 200 µL PCR microtubes mounted at the capillary 
outlet, and were kept at 4 ºC until further use. 
6.5.5   Buffer-mediated Release of Biotin-Proteins Captured on Nitroavidin−Functionalized 
 PMMA µ-posts 
 
 Bound biotin-HRP proteins on posted-surface were released from the surface by infusing 
pH 10 carbonate buffers inside the channel, hydrodynamically. The released proteins were 
collected in separate and clean microcentifuge tubes and then kept at 4 °C until further use. Non-
specifically adsorbed biotin-HRP was removed by washing with pH 7.4 phosphate buffer 
solutions. The buffer-mediated release process was performed for four trials. The biotin-HRP 
solutions were collected and stored using the same protocol as above. 
6.5.6  Quantification of Released Biotin-Proteins Captured on Nitroavidin−Functionalized 
 PMMA µ-posts 
 
 The amount of bound biotin-HRP proteins released using pH 10 carbonate buffers from 










































biotin-HRP loaded, pmol cm
-2
 % Capture efficiency
 total biotin-HRP, pmol cm
-2
 
nitroavidin−functionalized open PMMA µ-channels. A standard calibration curve using different 
concentrations of bovine serum albumin was run simultaneously with different biotin-HRP 
solutions using protocols stated above. In Figure 6.7 is shown a plot of capture efficiency as 




















Figure 6.7 The capture efficiency for biotin-HRP loaded onto nitroavidin−modified PMMA 50 
µm posts surface at flow rate of 2.5 µL min
−1
 at 25 °C. The amount of biotin-HRP captured was 
estimated using equation 6.5. Error bars in the graph represent standard deviations from four 
replicate runs. The total amount of biotin-HRP captured (pmol cm
2
) is also plotted. 
 
 In Figure 6.7 it can be seen that the amount of bound biotin-HRP decreases as function of 
the amount of biotin-HRP loaded. The highest capture efficiency was observed for 25 pmol 
biotin-HRP load, i.e. 96 ± 0.5%; while lowest for 1000 pmol biotin-HRP loaded (3 ± 1%). The 
lower capture efficiency observed with higher amount of biotin-HRP loaded suggests that the 
amount of biotin-HRP loaded exceeded the capacity of nitroavidin−functionalized posted 




the posted channel with an area of 0.267 cm
2
 is estimated to be 229 pmol, more than three times 
the number of surface –COOH on photoactivated open PMMA µ-channels. Assuming that 
surface –COOH moieties dictate the immobilization for nitroavidin on posted channel, the 
theoretical amount of nitroavidin immobilized on the posted surface is 229 pmol; likewise, if 
there is a 1:1 interaction for nitroavidin−biotin-HRP, the maximum amount of biotin-HRP that 
can be loaded on posted-surface capture bed is 229 pmol also. Similarly, from molecular size 
consideration of nitroavidin and assuming a perfectly circular shape of nitroavidin, the total 
amount of nitroavidin that can be immobilized on the posted-surface is 2.26 pmol. However, in 
Figure 6.7 at 25 pmol biotin-HRP loaded, a capture efficiency of 96 ± 0.5%, or surface coverage 
of 17.2 ± 1.9 pmol cm
−2
, was observed; while at 240 pmol biotin-HRP loaded, a capture 
efficiency of 50 ± 0.9% or 455.3 ± 8.1 pmol cm
−2
 biotin-HRP captured. These amounts of 
captured biotin-HRP compared to the theoretical amount of biotin-HRP, i.e., 2.26 pmol based on 
total amount of nitroavidin on the posted channel, suggests that biotin-HRP formed multilayers 
on the nitroavidin−functionalized surface. The multilayer-formation of biotin-HRP on 
nitroavidin−functionalized surface is possible because of multilayer-adsorption of biotin-HRP 
molecules on to nitroavidin due to three available nitrotyrosine sites on nitroavidin capable to 
bind biotin molecules.   
 In addition to multilayer adsorption of biotin-HRP on nitroavidin−functionalized surface 
due to multiple sites for binding biotin, another probable cause for the multilayer formation of 
biotin-HRP on nitroavidin is the electrostatic interaction between the two molecules. It was 
estimated that nitroavidin has a pI close to 9.47 (http://expasy.org/cgi-bin/protparam), while 
biotin-HRP has a theoretical pI of approximately 6.30 using the same tool for determing pI of 
nitroavidin; hence, at pH 7.4 both molecules exhibit electrostatic interaction between positively 






biotin-HRP molecules are also probable cause for multilayer adsorption of biotin-HRP on 
nitroavidin−functionalized surface. Even though biotin-HRP is calculated to have a pI ~ 6.30, it 
was also estimated that bioti-HRP has a total number of negatively charged residues (due to 
aspartic and glutamic acids) equal to 28, while the total number of positively charged residues 
(due to arginine and lysine amino acids) is equal to 27. Therefore in solution, biotin-HRP 
molecules can form multiple layers on nitroavidin−functionalized surface through multiple 









Figure 6.8 Schematic illustration for multilayer adsorption of biotin-HRP on 
nitroavidin−functionalized PMMA surface due to intramolecular interaction among biotin-HRP 
molecules. It was assumed that nitroavidin only forms monolayer on the surface of 
photoactivated PMMA surface. 
 
 In Figure 6.8 illustrates multiple adsorption of biotin-HRP on nitroavidin−functionalized  
 
PMMA surface as a result of intramolecular electrostatic interaction among biotin-HRP 
molecules. Also in Figure 6.8, nitroavidin and biotin-HRP molecules were drawn with the same 







 using previously reported dimensions for horseradish peroxidase 
obtained through electrochemical scanning tunneling microscopy
39












 These results 
also suggest that the number of nitroavidin molecules immobilized on the photoactivated PMMA 
surface is not equal to the amount of surface –COOH moieties, and the large molecular size of 
nitroavidin (~ 66 kDa) occupied more potential surface binding sites (i.e. surface –COOH 
moieties).  
 Furthermore, the observed efficiency reflects improved diffusion of nitroavidin molecules 
on posted channel as compared to open. Diffusion is the basis of random motion of particles due 
to the Brownian agitation of the fluid molecules.
40
 In an open channel, nitroavidin molecules 
diffuse slowly towards surface –COOH sites on the walls of PMMA because of a longer 
diffusion path to reach the surface –COOH sites for immobilization. Unlike in posted channel, 
the presence of µ-posts on the surface capture bed rendered shorter distance, and hence diffusion 
time for nitroavidin molecules to reach the surface –COOH sites. The relationship between 
distance or thickness and diffusion is given in equation 6.9, 
 
where L is the thickness of the diffusion layer, D is diffusion coefficient, and t is time.
41
  
 The above explanation also holds true for diffusion of biotin-HRP molecules towards 
nitroavidin−functionalized surface. Diffusion of biotin-HRP towards nitroavidin surface in open 
channel is slow because of the distance for biotin-HRP to traverse and to bind to nitroavidin sites 
on the wall of the channel. On the other hand, diffusion of biotin-HRP in posted channel is faster 
due to shorter diffusion for the biotin-HRP to bind to nitroavidin sites on µ-posts.  
6.6  Conclusions 
 This work proved that nitroavidin was immobilized inside both PMMA µ-channel and µ-
posts using established peptide coupling chemistry, and both nitroavidin−functionalized PMMA 




qualitatively showed that biotin-fluorospheres was bound on nitroavidin through 
nitroavidin−biotin interaction, and nonspecific adsorption was also present due to hydrophobic 
interaction between PMMA and polymeric beads. Results from this work showed that 
immobilization of nitroavidin on PMMA µ-channel is limited by diffusion processes. On the 
other hand, diffusional flux for nitroavidin on posted channel is lessened that resulted to higher 
capture efficiency for diffusing biotin-HRP molecules. In addition, this work proved that 
successful immobilization of nitroavidin inside both PMMA µ-channel and µ-posts was 
influenced not only by the available surface –COOH moieties; but also with molecular size of 
nitroavidin. 
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Conclusions and Future Directions 
 
7. 1 Summary of Conclusions 
 
 The purpose of this research is to fabricate a poly(methyl methacrylate)-based 
microfluidic device capable of concentrating biotinylated proteins in solutions based on a new 
reversible avidin−biotin capture/release technology, so as to improve the detection and 
quantification low-abundant phosphorylated proteins. The work described here demonstrates 
successful preparation of nitroavidin following a procedure reported in literature,1-2 and the 
results of SDS-PAGE experiments and Western blotting techniques qualitatively determined the 
presence of nitrotyrosine in nitroavidin, while mass spectrometry confirmed the presence of 
nitrotyrosine. This work also showed, qualitatively and , reversible binding of biotin analog 
solutions, HABA, to dilute solutions of nitroavidin using UV-Visible spectroscopy and and SPR 
kinetically assessed the decrease and reversibility between nitroavidin and biotinylated proteins. 
This research also presented the first results from the studies of the kinetics of reversible binding 
of biotin to nitroavidin using Surface plasmon resonance spectroscopy. 
 One of the goals of this research is to successfully immobilize nitroavidin on 
photoactivated PMMA for the purpose of fabricating a nitroavidin-PMMA surface capture bed. 
Previous works3-5 from our group demonstrated the abilities of photoactivated PMMA surfaces 
for immobilization of biological compounds. This work confirmed that nitroavidin can be 
successfully immobilized on carboxyl−modified PMMA sheets using established peptide 
coupling chemistry. Initial screening using ellipsometry detected nitroavidin on PMMA surfaces 
(2.5 nm) and reflection-absorption infrared spectroscopy (RAIRS) proved the presence of 
nitroavidin on PMMA based on known spectral features of proteins. X-ray photoelectron 




approximately 406 eV, while fluorescence microscopy studies clearly demonstrated that surface-
attached nitroavidin is capable of binding biotin molecules (biotin-4-fluorescein) from solution.  
 The ability of immobilized nitroavidin on PMMA surfaces to bind biotinylated-proteins 
flown inside PMMA microfluidic devices was also demonstrated in this work. Freshly prepared 
nitroavidin solutions were immobilized inside PMMA µ-channel using established peptide 
coupling chemistry at a constant pressure-driven volumetric flow rate. Results from fluorescence 
microscopy experiments qualitatively showed that biotin-tagged−fluorescence microspheres 
were bound on nitroavidin through nitroavidin−biotin interaction, and nonspecific adsorption 
was also present due to hydrophobic interaction between PMMA and polymeric beads. At this 
point, biotin-horse radish peroxidase (biotin-HRP) was also flown inside 
nitroavidin−functionalized PMMA µ-channel. The amounts of captured biotin-HRP from four 
replicates were quantified using standard protein assay. Results from this work showed that 
immobilization of nitroavidin on PMMA µ-channel is limited by diffusion processes. To address 
the issue of diffusion limited reaction inside PMMA µ-channel, PMMA microchips containing 
µ-posts were used. It was observed that diffusional flux for nitroavidin on posted channel is 
lessened and resulted to higher capture efficiency for diffusing biotin-HRP molecules, thus, the 
work confirmed claims from previous reports6-7 that use of microstructures in polymer 
microchips resulted to high recovery yield of target analytes. Furthermore, this work proved that 
successful immobilization of nitroavidin inside both PMMA µ-channel and µ-posts was 
influenced not only by the available surface carboxylic moieties on PMMA surface, but also with 
molecular size of nitroavidin. Finally, it is also an objective of this work to investigate 
applications of nanostructures in bioMEMS devices. Poly(methyl methacrylate) nanopillar and 




aluminum oxide polymerization.8-9 These nanostructures were characterized and showed erect 
ensembles after UV-irradiation at 20 min and high surface carboxylic acid densities using sulfo-
SDTB labeling and thallium (I) ethoxide labeling procedures. The nanostructure ensembles could 
also be functionalized with biological materials and bioconjugates such as protein-nanobeads, 
proteins, and enzymes without drastic damage as demonstrated using different microscopy 
techniques and XPS. Hence, the PMMA nanostructure ensembles prove to be potential surface 
capture beds for biological immobilizations than planar PMMA. 
7.2 Future Studies 
7.2.1 Surface Modification of Poly(methyl methacrylate) Surfaces Using Oxygen 
 Plasma Treatment 
 
 UV-irradiation of poly(methyl methacrylate), PMMA, produces surface carboxylic acid 
functionalities on PMMA surfaces.4-5 Although the process is straight forward and only uses a 
UV lamp source, photoactivation of PMMA surface through UV-irradiation was cited to produce 
surface carboxylic acid density of 8.57 x 10−10 mol cm−2 on PMMA surface after 10-min UV-
exposure time.4 It is postulated that a higher number of surface carboxylic acid density on 
PMMA surface is necessary to efficiently immobilize nitroavidin, and hence target biotin-
proteins. To achieve this goal, oxygen- plasma modification for PMMA waveguide surfaces will 
be used. This procedure had shown formation of surface carboxylic acids that could be used for 
covalently attaching the recognition probes to the waveguide surface.10,11 Recently, Xu et al.11 
reported that oxygen-plasma modification of PMMA surfaces produced surface density of 
carboxylates of 2.7 ± 0.5 x 10−9 mol cm−2 at 2-min plasma oxidation, which is three times more 
concentrated than surface carboxylates formed from UV-irradiation of PMMA surfaces at 10 min 
exposure time. Their detection method for surface carboxylic moieties employed an electronic 




succinimidyl-4-O-(4,4’-dimethoxytrityl)-butyrate labeling procedure for UV-irradiation protocol. 
Their work proved that successful functionalization of PMMA surfaces using oxygen plasma 
treatment provided waveguides on functional PMMA surfaces for detecting low abundant point 
mutations BRAC 1 breast cancer genes.  
7.2.2 Use of High-Density PMMA µ-posts for Surface Capture and Release of Biotin- 
            Proteins Inside PMMA µ-channels 
 
 It was observed from the preceeding work that capture efficiency for biotin-HRP 
obtained from nitroavidin−functionalized PMMA µ-channel was also due to slow diffusion of 
nitroavidin towards carboxyl−modified PMMA surfaces posed by µ-channel geometry. To 
address this problem, higher density µ-posts on channels (e.g., 20 µm or 35 µm heights) will be 
used. These µ-posts will provide higher surface-to-volume ratios for the immobilization of 
nitroavidin on PMMA surfaces which will eventually provide higher capture processes for 
biotin-HRP on nitroavidin−functionalized surface. This work will eliminate diffusion-related 
problems posed by open channel, and also will establish comparison for capture efficiency using 
several µ-posts geometries. It is proposed that oxygen-plasma treatment will be used in the 
surface modification step of PMMA producing surface reactive sites (i.e., surface –COOH). 
Included also in this work is determining the most efficient volumetric flow rate to be used in the 
immobilization process of nitroavidin inside the different channels containing µ-posts 
geometries. Several volumetric flow rates such as 1.5, 1.0, and 0.5 µL min−1 for pressure-driven 
immobilization of nitroavidin solutions inside the open channel will be investigated.  
7.2.3 Using Nanostructured PMMA Surfaces as Capture Bed for Biotin-Proteins 
 Poly(methyl methcrylate) nanotube and nanopillar ensemble will also be used as surface 
capture bed for biotinylated-proteins. Integration of large-area PMMA ensembles into 




polymerization of methyl methacrylate with mechanically/lithographically patterned, nanoporous 
aluminium oxide (AAO) templates.8-9 This work showed that µ-channels containing the 
nanopillar arrays can be chemically functionalized and used for a variety of applications, such as 
separation beds or solid-phase reactors/extractors. Thus, this technology will be used in the 
surface capture and release of biotinylated-proteins on nitroavidin−functionalized PMMA 
surfaces. Likewise, oxygen-plasma treatment will be employed in the surface modification 
process of PMMA surface, and different flow rates will be utilized for the pressure-driven 
immobilization of nitroavidin on PMMA µ-channels.  
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